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HE COMPRESSOMETER, AN INSTRUMENT FOR EVALU- 
ATING THE THICKNESS, COMPRESSIBILITY, AND COM- 
PRESSIONAL RESILIENCE OF TEXTILES AND SIMILAR 
MATERIALS 


By Herbert F. Schiefer 


ABSTRACT 


The instrument described in this paper provides a convenient means for measur- 
ing the thickness and the change in thickness of a textile or similar material when 
it is subjected to increasing or decreasing pressures. The foot of the instrument 

an be lowered or raised by means of a rack and pinion acting through a helical 
spring. The pressure applied to the specimen by the foot is indicated on a dial 
micrometer and the corresponding thickness of the specimen on a second dial 
"micrometer. Readings are taken under increasing pressures and then under 
edecreasing pressures. 

Curves for the compression and recovery of several materials are shown. 
Definitions are proposed for the terms thickness, compressibility, and compres- 
ional resilience as applied to textiles. The results of tests on rug underlays, 
blankets, felts, on knit, woven, and pile fabrics, and on sheet rubber and paper 
are given. 


CONTENTS 


I. Introduction 
II. The instrument 
III. Test procedure 
IV. Discussion and application 


I. INTRODUCTION 


The thickness of textiles and many other similar materials depends 
greatly upon the pressure applied to the surfaces of the specimen. It 
decreases as the pressure is increased. The thickness of these ma- 
terials is purely a matter of definition. Many definitions of thickness 
and methods for measuring thickness are published. The resulting 
confusion is described by Emley.' He points out the need for general 
§ agreement on one method and proposes a specification for a standard 
thickness gage and a standard definition of thickness. 
| The purpose of this paper is to describe an instrument for measuring 
.the thickness under a known pressure which can be increased or de- 
creased gradually and continuously.? Using this instrument the 
thickness under a given pressure can be measured. The change in 
thickness under either increasing or decreasing pressure can also be 


Ww . E. Emley, Measurement of Thickness of Textiles and Similar Materials, Am. Soc. Testing Materials 
1931. Preprint Report of Committee B-1 on Methods of ae pp. 23-27. 
I ‘In a paper entitled ‘‘An Instrument for Measurement of Thickness of Compressible Solids,’ J. Sci. 
ustruments, vol. 6, pp, 382-385, 1929, M. C. Marsh has described an instrument suitable for measuring 
the thickness at a known pressure. The pressure may be varied by increments in a range between 1 mg 
and 100 g per square centimeter. 
705 
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measured. The compressibility and compressional resilience of th, 
material are computed from these data. These properties affect th; 
sensations that contribute to what is usually called the softness y 
hardness of cloth. 

Curves for the compression and recovery of several materials ap 
shown. Definitions are proposed for the terms thickness, compress. 
bility, and compres. 
sional resilience 4 
applied to textile 
The results of tests 
on rug. underlay; 
blankets, felts, o 
knit, woven, and pik 
fabrics, and on shee 
rubber and paper ar 
given. 





II. THE INSTRU. 
MENT 





schematic diagram is 
shown in figure ? 
The specimen, A, i: 
placed upon the anvil, 
B. The foot, C, is ci 
cular in shape and! 
inch in diameter. |i 
is fastened to the bot- 
tom of the spindle, )) 











crometer, EF. The 
lower surface of the 
foot is plane and par- 
allel to the upper sur- 














the top of the spindle 








a helical spring, H, a! 
FicurE 2.—Schematic diagram of compressometer. I. The bottom of the 
spring is fastened t 

the tube, J,at K. The upper dial micrometer, L, is fastened to the top 
of the tube at M. The spindle, N, of the upper dial micrometer rests 
on the top of the rod at 0. The tube may be moved up or dow 
relative to the frame, P, by turning the knob, Q, of the rack and piniot, 
R. By turning the knob the foot may be lowered upon the specimet. 
The pressure which is applied to the specimen by the foot may bé 
ascertained from the upper dial reading and a calibration curve of the 
spring. The upper dial indicates the elongation of the spring. The 
distance between the face of the foot and the anvil; that is, the thick- 





ness of the specimen, is indicated on the lower dial. Each dial is grat: F 


uated to read directly to 0.001 inch. 





The instrument is # 
shown in figure 1. 1 
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FIGURE 1.—The com pressometer. 
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To calibrate the spring, the frame of the instrument is rotated 
through 180° about the vertical post, S. The foot is placed above 
the center of one pan of a balance. A load is placed on the other pan. 
The foot is lowered until the two pans are in balance and the elonga- 
tion of the spring is read on the upper dial. The foot is lowered beyond 
the balanced position and then is raised until the two pans are again 
in balance. The elongation of the spring is read on the upper dial. 
The difference between the two upper dial readings is due to friction. 
Similar readings are taken for various loads. The spring elongations 
are plotted against the pressure; that is, the load divided by 0.7854 
square inch which is the area of the foot. 

The results are shown in figure 3 where curve A is obtained when 
the foot is lowered and curve B is obtained when the foot is raised. 
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Figure 3.—Calibration curves of helical spring. 


» Curves A and B differ from each other because of friction in the moving 
» parts of the dial micrometer. The friction gradually increases from 
» the equivalent of about 0.1 lb./in.? at low pressures to about 0.2 
» |b./in? at high pressures. It is probably high in the present instru- 
» ment and could be reduced by changes in the design. For the present 
} instrument where the friction in the moving parts is appreciable, 
curve A is used when the pressure on the specimen is increased, while 
curve B is used when the pressure is decreased. 

The small helical spring of the lower dial micrometer was removed 
because it would alter the calibration curves when specimens of 
various thicknesses are measured. 

The lower dial micrometer was calibrated for periodic and hysteresis 
errors. In the calibration a load of 1 pound was placed upon the 
spindle. The periodic error was less than 0.0005inch. The hysteresis 
error was less than 0.0001 inch. 
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The periodic and hysteresis errors of the lower dial micromete 
were also determined under the conditions in which the instrument js 
used. The periodic error was practically the same as that determine 
on the dial alone. The hysteresis error, however, increased froy, 
oie i inch at a pressure of 0.1 |b./in.? to 0.0003 inch at a pressure ¢ 
2 Ib. /in.?. 

The elastic deformation of the frame of the instrument when tly 
pressure exerted by the foot is increased or decreased 1 lb./in? j 
about 0.0002 inch. The maximum departure from parallelism of th: 
foot from the anvil is about 0.0003 inch. 

— errors are negligible and were neglected in reporting the 
results. 

III. TEST PROCEDURE 


The data for the loading and unloading of a specimen are obtained 
as follows. The specimen is placed on the anvil without tension 
The foot is lowered upon the specimen by means of the rack and 
pinion and the pressure is gradually increased. When the pressur 
reaches 0.1 lb./in.?; that is, when the upper dial indicates the spring 
elongation given by curve A at the pressure of 0.1 lb./in.’, the tbick- 
ness; that is, the lower dial reading, is recorded, the ten thousandth 
place being estimated. Similar simultaneous observations are made at 
seven other pressures up to 2.0 lb./in.?.. The pressure is then gradually 
reduced and observations are made at the same pressures during un- 
loading, the upper dial indicating the spring elongations given by 
curve B at the various pressures. The observations are made in rapid 
succession. Witha little practice an observation can be made in about 
10 seconds. The time required to obtain the data for the compression 
and recovery cycle of a specimen is approximately 3 minutes. 

Curves of the compression and recovery cycle of several materiak 
are shown in figure 4. The curves are drawn through the average oi 
the values obtained at three or more places on each specimen. It is 
evident that the variations of the observed values of any material 
are mainly attributable to differences in thickness of the specimens 
at the places measured. The curves of different materials show great 
differences. 


IV. DISCUSSION AND APPLICATION 


In order to evaluate the thickness of fabrics and similar material 
and to evaluate the properties of compressibility and compressional 
resilience, it is necessary to define each in terms of measurable proper- 
ties. The definitions must of necessity specify the size and shape 0! 
the foot and the pressure exerted by the foot. The pressure of | 
pound per square inch proposed by Emley * is used in the tentative 
definition of standard thickness. The definition for compressionsl 
resilience of textiles requires the selection of a standard pressur 
range. The range from 0.1 to 2.0 lb./in.? is suggested. The definition: 
which follow are for textile fabrics, but may be applicable to other 
materials. 

It is assumed that unless otherwise specified tests made with the 
compressometer will be carried out on specimens that are in equilib- 
rium with an atmosphere of 65 percent relative humidity at a temper- 
ature of 70° F., the standard conditions for textile testing. 


§ See footnote 1, p. 705. 
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The following conditions of test are specified. (1) The specime 
shall be placed without tension upon a horizontal plane surface, th 
anvil; (2) a circular foot, 1 inch in diameter whose surface is plan 
and parallel to that of the anvil shall be brought to bear upon the 
specimen with gradually increasing pressures up to 2.0 lb./in2 and 
then gradually decreasing pressures; (3) readings shall be taken 4 
pressures 0.1, 0.2, 0.35, 0.5, 0.75, 1.0, 1.5, and 2.0 lb./in.?; and (4) the 
time interval between two consecutive observations of points on the 
curve of compression or recovery shall be not less than 10 nor mor 
than 15 seconds. Then: 

The thickness of the specimen is the distance between the foot and 
the anvil when the pressure has been increased to a stated amount. 

The standard thickness of the specimen is the thickness when the 
pressure is increased to 1 |b./in.’. 

The compressibility of the specimen is the ratio of the rate of 
decrease in thickness at a pressure of 1 lb./in.? to the standard thick. 
ness. 

The compressional resilience of the specimen is the amount of work 
recovered from the specimen when the pressure is decreased from 2.) 
to 0.1 lb./in.? expressed as a percentage of the work done on the 
specimen when the pressure is increased from 0.1 to 2.0 lb./in.’. 

The data for the numerical expression of these properties can be 
readily obtained with the instrument described. The area under the 
curve of compression bounded by horizontal lines at the initial and 
final thickness is equal to the work done on the specimen during 
compression. If simultaneous readings of thickness and pressure 
are taken at pressures 0.1, 0.2, 0.35, 0.5, 0.75, 1.0, 1.5, and 2.0 lb./in? 
then the work done can be computed by means of the formula 
W=0.025 (6A+5B+6C+8D+10F+ 15F+ 20G— 70H), where A, 8, 
C, D, E, F, G, and H are the thicknesses in inches at the above pres- 
sures, respectively. This formula is based upon the assumption that 
the segments of the curve between two consecutive pressures are 
straight lines. The same formula gives the work recovered when the 
thicknesses from the curve of recovery are substituted. 

The numerical values of the properties defined above appear to be 
useful criteria of the ‘“‘handle” or “‘feel’”’ of fabrics when they are 
squeezed between the fingers. Together with the coefficient o 
friction and the flexural work and flexural resilience, for which 
methods of evaluation have been described elsewhere,‘ they offer 4 
means for describing the tactile and kinaesthetic characteristics of 
farbrics quantitatively. However, pending further consideration of 
the relation between the physical stimuli and the sensory responses,’ 
it will suffice simply to tabulate the values which were obtained. 
They are given in table 1. 





4 A.A. Mercier, Coefficient of Friction of Fabrics. B.S. Jour. Reserach, vol. 5 (RP196), pp. 243-246, 1930 
H. F. Schiefer, The Flexometer, An Instrument for Evaluating the Flexural Properties of Cloth and 
Similar Materials. B.S. Jour. Research, vol. 10 (RP555), pp. 647-657, May 1933. : 

‘ Wm. D. Appel and the author are attempting to enumerate and define what may be called the kinaes- 
thetic and tactile characteristics of cloth and the related physical properties. 
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TaBLeE 1.—Results of tests! 





Total Compressional 


compression resilience 
pressure | Standard | Compressi- 


Meg - thickness bility Average 


Ib./in.? deviation 





Description of specimen 








: Inch In.2/lb. Percent | Percent 
Rug underlay A, cotton and paper 20. 290 . 357 30.32 $35 ‘ 
Rug underlay B, jute. ----..---..-------- . 058 i .10 31 
Rug underlay C, sponge rubber . 146 ‘ . 81 
Rug underlay D, sponge rubber-.--.------ . 0075 . 02 74 
Sheet rubber A, pure gum . 003 b F 86 


~~ he dO 


Blanket A, wool 
Blanket B, wool 


mt pet et et et 


Blanket B after 1 washing 

Blanket B after 3 washings 

Blanket B after 5 washings 

Blanket C, cotton warp, wool filling 
Blanket C after 1 washing 


et et et 


Blanket C after 3 washings 

Blanket C after 5 washings._.......------ 
Knit cotton, napped 

Knit cotton 

Knit cotton and wool 


RK wee 


Knit wool A 
Knit wool = 


Wool pile fabr 


Mohair pile fabric 
Cotton fabric 

Cotton balloon cloth 
Wool fabric 

Silk parachute cloth_- 


Crm orb bo Se el ell 


Rayon fabric - i . OF 51 
Weighted silk fabric_--__--- . 002 . “ 47 
Weighted silk fabric, weightin 

chemically ; A P 55 
Filter paper. 4 4 J 53 
5 | Bond typewriting paper . 001 ‘ 56 





own bot 




















! The results in the table are the average of 3 determinations except for specimens nos. 3, 4, and 9, which 
are the average of 7, 4, and 4 determinations, respectiveiy. 

?The total compression and standard thickness are reported to nearest 0.001 inch for those materials 
having a total compression greater than 0.05 inch and to nearest 0.0005 inch for those materials having a 
total compression equal to or less than 0.05 inch. 

’ The compressibility is reported to nearest 0.01 inch? per pound except specimens nos. 5 and 6, which 
are reported to nearest 0.001. 

‘ The compressional resilience and average deviation are reported to the nearest percent. 


The total compression in the pressure range of 0.1 to 2.0 lb./in.’ 
and standard thickness are reported to nearest 0.001 inch for those 
specimens which have a total compression greater than 0.05 inch and 
to nearest 0.0005 inch for those specimens which have a total com- 
pression equal to or less than 0.05 inch. The compressibility is 
reported to nearest 0.01 inch? per pound except specimens nos. 5 
and 6, which are reported to nearest 0.001. The compressional 
resilience is reported to the nearest percent. The average deviation 
of the compressional resilience is also given in the table. It is 1 
percent for 18 specimens, 2 percent for 9 specimens, and greater than 
2 percent for the remaining 8 specimens. The average deviation is 
large, 9 percent for bond typewriting paper, for specimens which have 
a small total compression. Rug underlay C of sponge rubber appears 
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to be an exception. For it the average deviation of 4 percent js 
pen attributable to the nonuniformity of the underlay. (Se 
g. 4.) 

The following observations are of interest. The compressibility of 
the blanket is roughly six times that of the silk parachute cloth and 
the bond typewriting paper. The order of increasing compression] 
resilience is different from that of compressibility. For the speci. 
mens measured, it ranges from 28 to 86 percent. As was to be 
expected, the rubber specimens have the highest compression,! 
resilience. The silk, wool, rayon, cotton, and jute specimens come 
next in order. The increase in thickness and total compression and 
the decrease in compressional resilience of the blankets after washing 
is marked. The difference between a weighted silk and the same silk 
after removal of the weighting is also marked. 

The compressional resilience of the specimens of pure gum sheet 
rubber and of sheet rubber packing are lower than might be expected, 
Applying corrections for the instrumental errors to the results for 
these specimens decreases the compressional resilience a few percent. 
The explanation for the low compressional resilience of these rubber 
specimens therefore must be sought elsewhere. The conditions of 
the surfaces of the rubber specimens, whether clean, dirty, or lubri- 
cated affect the curves of compression and recovery. The total 
compression and the compressional resilience for the pressure range 
of 0.1 to 2.0 lb./in.? were found to be lower for specimens with clean 
surfaces than for the same specimens with the surfaces lubricated 
with graphite. The total compression and the compressional resili- 
ence for the above pressure range were found to increase with the 
thickness of the specimen. The total compression for the second 
compression cycle was found to be smaller and the compressional 
resilience was found to be greater than for the first cycle when the 
second cycle was obtained without removing the specimen from the 
instrument. The results of tests are given in table 2 for two speci- 
mens of pure gum sheet rubber. 


TABLE 2.—Resulis showing effect of thickness and condition of surface of pure gum 
sheet rubber on total compression and compressional resilience 





Total com- o 

pression ompress- 

Condition of surface oes ne pressure | ional resili- 
range of 0.1 ence 

to 2.01b./in# 





Inch Percent 

Clean, first cycle . 889 0. 0018 64 
Clean, secon 4 . 0013 
Lubricated with graphite 7 . 0032 
Clean, first cycle ‘ . 0195 
Clean, second cycle x . 0175 
Lubricated with graphite é - 0210 

















The shape and size of the foot and the dimensions of the rubber 
specimen relative to them probably affect the magnitude of the com- 
pressional resilience. The manner in which these affect the compres- 
sional resilience is beyond the scope of this paper. 

The present instrument was designed primarily for the measure- 
ment of relatively thick textiles, ao. pe iiettn and napped under- 
wear. The results shown in tables 1 and 2 and figure 4 indicate that 
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it can be used satisfactorily for measuring thin fabrics, paper, and 
rubber. However, measurements of such materials oe 5 be signifi- 
cant to the fourth decimal place and an instrument accurate to 0.0001 
inch should therefore be used. Moreover, to measure to this degree 
of precision, the following precautions must be observed: (1) The 
instrument must be constructed with greater rigidity to reduce the 
} elastic deformation of the frame to less than 0.0001 inch; (2) tolerances 
consistent with this degree of precision must be set for the parallelism 
and planeness of the surfaces of the anvil and foot; and (3) the 
periodic and hysteresis errors of the lower dial micrometer must be 
determined and corrections consistent with this degree of precision 
must be applied. 

The results given indicate what may be expected from the use of 
the instrument. From the data available it would seem that the 
compressibility depends mainly upon the structure of the specimen 
whereas the compressional resilience depends upon the kind of 
material and the structure of the specimen. 


Note.—Drawings of the instrument showing the details of construction may 
be obtained from the textile section of the Bureau of Standards. 


WasHineton, March 16, 1933. 
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THE THERMAL EXPANSION OF REFRACTORIES TO 
1,800° C. 


By R. A. Heindl 


ABSTRACT 


The linear thermal expansions of the following 36 materials were measured: 
African chrome sand; Cuban, Grecian, Friable African, Rhodesian Imperial, 
Indian and Turkish chrome ores; Austrian, Californian, and electrically fused 
magnesites; a periclase brick; a spinel brick; two types of fire-clay bricks and two 
of fire clays; Kentucky, Tennessee, and English ball clays; Georgia kaolin and 
and English china clay; an 80 percent alumina brick; artificial corundum, dia- 
spore, bauxite; five mullites, each of which was prepared from different raw 
materials; two zircon bricks and a furnaced zirconium silicate; silicon carbide, 
a silica brick, and an insulating brick. Data are also given on artificial graphite 
which had been preheated several times to 1,800° C. Measurements were made 
below 1,000° C. in both an oxidizing and a reducing atmosphere. Above, 1,000° 
C. the materials were tested in a reducing atmosphere only. When the refractori- 
ness of the materials permitted they were tested up to 1,800° C. Petrographic 
analyses of the materials were made before and after the several heat treatments. 


CONTENTS 


. Introduction 
. Materials and specimens 
. Apparatus 
1. Description 
2. Calibration... -.---- 
. Method of testing 


1. Linear thermal expansion 
2. Petrographic analyses 
‘1. Summary 


I. INTRODUCTION 


The need for information relative to the expansion of refractory 
materials, up to and beyond the temperature range in which they are 
now used, is evidenced by an increasing number of reports ' dealing 
with the subject. Norton? gave reasons regarding the value of such 


1 F. H. Norton, The Thermal Expansion of Refractories, J.Am.Cer. Soc., vol. 8, no. 12, pp. 799-815, 1925. 

K. Becker, X-ray Method of Determining Coefficient of Expansion at High Temperatures, Z. Physik, 
vol. 40, pp. 37-41, 1926. ‘ 

W. Miehr, J. Kratzert, and H. Immke, The Importance of Thermal Expansion in the Valuation of 
Refractory Material, Tonin. Ztg., vol. 51 (26), pp. 417-422, 1927. f P 

Hans Hirsch and Max Pulfrich, Expansion Measurements at high Temperatures, Tonin. Ztg., vol. 
52 (36), pp. 712-713, 1928. : ; 

K. Endell and W. Steger, The Measurement of the Thermal Expansion of Refractory Materials to 1,600 
C., Archiv. Eisenhiittenives, vol. 1 (11), 1928; Feuerfest vol. 5 (1), pp. 3-4, 1929. 

Willi M. Cohn, Expansion Measurements from 20° to 1,400° C., Keramos, vol. 9 (7), pp. 215-218, 1930. 

H. Reich, A New Apparatus for Measuring the Thermal Expansion of Refractory Materials in the 
Temperature Range 0° to 1,700° C., Berichte Deut. Ker. Gesell., vol. 13 (4), pp. 157-166, 1932. 

* F. H. Norton, The Thermal Expansion of Refractories, J.Am.Cer. Soc., vol. 8, no. 12, pp. 799-815, 1925. 
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information. It may also be pointed out that it is not at all unusual 
for refractories to be used at temperatures considerably higher thay 
those at which they had been heated during the manufacturing process, 
In such cases physical and chemical changes not completed during 
the manufacturing stage continue to progress. In many cases the 
linear thermal expansion is affected by such additional heating which 
in turn may greatly affect the stresses set up in the refractory during 
use. 

The present report deals not only with the expansion of the well- 
known types of refractory materials to temperatures sufficiently high 
to cause many of them to soften or deform but also with the effect 
on the expansion when the materials are heated to a higher tempera- 
ture than that at which they had been heated preliminary to the 
first. test. 

II. MATERIALS AND SPECIMENS 


Seven chrome ores, four magnesites, five mullites, two fire-clay 
bricks, two fire clays, three ball clays, two kaolins, three zircons, and 
one each of spinel, silicon carbide, artificial corundum, diaspore, 
bauxite, 80 percent alumina fire brick, silica brick, and insulating 
brick were included in this investigation. A large proportion of 
these materials were furnished by manufacturers*® and the others 
were available in the bureau laboratories. 

Test specimens approximately 5% inches long and % inch square 
were cut from commercial bricks if available, but if bricks were not 
available specimens of similar dimensions were prepared from raw 
materials which had been ground to pass a 40-mesh sieve. The 
specimens were prepared by adding sufficient water or gum traga- 
canth to each ground material so it could be readily maiied. After 
removing the damp specimens from the mold they were dried, heated, 
and cut to the required dimensions. The specimens cut from the bricks 
were tested without further treatment whereas most of those prepared 
from the raw material were tested after having been heated at 1,400° 
C. for 5 hours and cooled with the furnace in about 36 hours. 


III. APPARATUS 
1. DESCRIPTION 


A furnace of the high frequency induction type shown in figure 1 
was used for determining the expansion of the various materials up 
to 1,800° C. The heat is generated through the medium of a cylin- 
drical graphite muffle 12 inches long, 6 inches in diameter, and having 
a wall % inch thick. The gradual oxidation of the graphite muffle 
was the cause of a reducing atmosphere within the furnace, The 
converter for controlling the power input to the furnace is shown on 
the right in the figure. An Ames micrometer dial graduated in ten 
thousandth inch was supported independently of the furnace by a 
framework, the legs of which were fused quartz tubes. 

The set-up of the specimen is indicated by the sketch in figure 2. 


This set-up formed a continuous system which also could expand and 
contract independently of the furnace. Tungsten plates % inch 





3 E. J. Lavino & Oo., Philadelphia, Pa.; Harbison-Walker Refractories Co., Pittsburgh, Pa.; Norton 
Co., Worcester, Mass.; A. P. Green Fire Brick Co., Mexico, Mo.; Snemnetes Spark Plug Co., Detroit, 
Mich.; Titanium Alloy Manufacturing Co., Niagara Falls, N.Y. ; Babeock & Wilcox Co., New York, N.Y. 
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used for obtaining linear thermal expansion measurements to 1,800° C. 
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Figure 2.—Showing the specimen, specimen support, and the system transmitting 
the expansion to the micrometer dial. 


The fused quartz rod does not extend into the furnace. 
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square and 0.015 inch thick were placed between the test specimen 
and the graphite pieces. The specimen was placed within a muffle 
inside diameter 2% inches, prepared from zirconium silicate. The 
weight of the pieces resting on top of a specimen and making contac; 
with the dial was 4 ounces. 

Two platinum to platinum-rhodium thermocouples were placed 
alongside the specimen, one approximately three fourths inch below 
the top end and the other the same distance above the bottom end. 
These couples could be readily removed during a test through the 
lower end of the furnace without disturbing the set-up. The optical 
pyrometer shown in figure 1 was fixed in position, preceding the test, 
so that it sighted on the bottom of the closed end graphite tube indi- 
cated in figure 2. This tube was placed near the middle of the speci- 
men and as close to it as possible without actually touching it. 
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Ficure 3.—Calibration curve C for the apparatus when samples approximately 5% 
inches long were tested and curves A and B involved in its derivation. 





2. CALIBRATION 


The movements indicated by the micrometer dial during an expan- 
sion test represented the difference between the total expansion of 
the built-up column composed of the various parts shown in figure 2 
and the vertical expansion of the outer framework and dial support 
shown in figure 1. The first step in the calibration was to make 
several tests with a bar of artificial graphite, 5.737 inches long and 
1 inch in diameter, as the specimen. In each of these tests the tem- 
peratures were increased to a maximum of 1,800° C. at the same rate 
and the dial readings were recorded in the same manner as ia the later 
tests. After preliminary heatings the dial readings for like tempera- 
tures in different tests were nearly the same and when plotted were 
found to lie along the smooth curve A in figure 3. This established 
the fact that the expansions of the entire measuring system were 
practically the same in repeated tests with the same specimen and 
set-up. During the course of the investigation several additional 
tests were made with the graphite bar as the specimen and in these, 
the readings, beginning at approximately 250° C. did not deviate 
more than 2.0 percent eon curve A, figure 3. 
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Repeated readings over a temperature range of 20° to 1,000° C. 
yere then made with a bar (5.852 inches long) of fused quartz, the 
thermal expansion of which was known. In these tests the rate of 
increase of temperature was the same as in other tests. Dial readings 
in the different tests of fused quartz checked, which confirmed the 
indications of the previous tests that the effects of expansions of sup- 
ports for the specimen and the dial did not vary significantly. 
Deducting the expansion of the fused quartz bar from these dial 
radings gave the corrections which should be deducted from dial 
radings in later tests to obtain the expansion of specimens investi- 
gated. These corrections are shown by solid portion of curve C, 
igure 3. Appying these corrections to the readings obtained with 
the graphite bar (curve A) gave the values for the expansion of the 
bar itself below 1,000° C. which are shown by the solid portion of 
curve B, figure 3.* 

Curve A showed no irregularities between 1,000° and 1,800° C.; 
consequently it is logical to assume that neither curve B nor C above 
1,000° C. should show irregularities. Moreover, as the curvature of 
curve A in the temperature range 500 to 1,800° C. and also that of 
curve B in the range 500° to 1,000° C. were approximately constant, it 
seemed reasonable to assume that the curvature of curve B would 
remain approximately constant from 500° to 1,800° C. Accordingly 
curve B was extended from 1,000° to 1,800° C. based on that assump- 
tion. The calibration or correction curve C was then extrapolated 
to 1,800° C. by taking the difference between curves A and B at 
100° C. intervals in the range 1,000° to 1,800° C. 

A further precaution was taken in that the furnace was calibrated 
to 1,000° ©. with the specimen of fused quartz preceding practically 
every test of a material. 


IV. METHOD OF TESTING 


Linear thermal expansion measurements were made of the same 
specimen, of each of the materials, in steps as follows: (1) Up to 
|,000° C. at approximately 100° C. intervals, using either the entire 
specimen and the apparatus described in the Second Progress Report 
of the Sagger Investigation® or chips of the specimen and the inter- 
ferometer. (2) In the induction furnace to some temperature above 
1,000° C., but in no case above 1,800°C. (3) The procedure described 
under (1) was repeated with the specimen taken from the induction 
furnace. (4) After the measurements described under (3) were com- 
pleted, the specimen was again tested in the induction furnace at the 
higher temperatures. ‘There were two reasons for this procedure, (a) 
the time for making the tests in the induction furnace could be con- 
siderably lessened because only a few observations below 1,000° C. 
would be necessary, and (6) an error in the set-up of the specimen in 
the induction furnace would be quickly detected because the data 
obtained below 1,000° C. with the induction furnace should generally 


‘ The values obtained checked the expansion of the graphite bar determined over the range 20° to 500° C. 
by means of an apparatus described elsewhere. R. F. Geller and R. A. Heindl, IJ. Progress Report on 
Investigation of Sagger Clays—Some Observations as to the Significance of Their Thermal Expansions, 
J.Am.Cer.Soc., vol. 9, no. 9, pp. 555-575, 1926. 

§ See footnote 4. 

_°C. G. Peters and C. H. Cragoe, B.S.Sci. Paper No. 393, and G. E. Merritt, B.S.Sci. Paper No. 485. 
T rename from which the chips were cut did not always receive the corrseponding heat treatment 
to 1,000° C, 


173145—-33———-2 
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agree with those previously obtained in the furnaces operating only 
to 1,000° C. 

Temperatures in the induction furnace were measured with the 
thermocouples up to approximately 1,500 C., following which the 
couples were removed and the temperatures observed with an optical 
pyrometer. In testing with the induction furnace, temperature 
readings to and including 1,000° C. were taken at approximately 
250° C. intervals, thereafter at approximately 100° C. intervals, 
It was always the practice to check the optical pyrometer against the 
thermocouples before their removal. Temperatures were maintained 
for approximately 15 minutes before the final micrometer dial readings 
were recorded for each temperature up to 1,500° C.; thereafter no 
effort was made to stop at any specific temperature. However, an 
attempt was made to regulate the power input so that readings were 
taken only while the furnace temperature was increasing at a com- 
paratively slow rate or not at all. 

The maximum temperature at which expansion or contraction 
movements were observed depended on the refractoriness of the 
material, but in no case did it exceed 1,800° C. 

In most instances observations at temperatures above 1,000° C. 
were made of each specimen twice, namely, (1) after its preparation, 
and (2) after its initial test in the induction furnace. This procedure 
afforded the means of determining whether any changes had occurred 
in the expansions of the materials as a result of having been heated 
in the induction furnace at temperatures considerably higher than 
those at which they had been initially heated. 


V. RESULTS 
1. LINEAR THERMAL EXPANSION 


Linear thermal expansion or contraction values for all the materials 
are shown in the curves given in figures 4 to 9, inclusive. Observa- 
tions (filled in circles) with the induction furnace below 1,000° C. 
are not given in figures 5 to 9 because they very nearly coincided with 
the observations (clear circles) obtained in the furnaces operated only 
to 1,000° C. 

Pertinent data are summarized in table 1. A detailed discussion of 
the data, therefore, is not necessary. The data obtained up to 
1,000° C. have an accuracy of + 2% percent ’ and it is estimated those 
above 1,000° C. have ar. accuracy of +5 percent. The curves give 
the following information relative to expansion of the materials: (a) 
Type, whether uniform or nonuniform, (5) the effect, if any, of re- 
heating, and (c) the temperature at which bloating or contraction 
begins. Table 1 gives the average coefficients of expansion for various 
temperature ranges. 





? See footnote 4, p. 719, for reference to report giving calibration of apparatus. 
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Ficure 4.—Thermal expansion curves for five chrome ores and a chrome sand. 



























































The temperatures adjacent to the curves indicate the maximum heat treatment the specimen had 
received previous to testing. The filled in circles on the curves represent the values obtained in a reducing 
atmosphere and the clear circles those obtained in an oxidizing atmosphere. 
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FiguRE 5.—Thermal expansion curves for a silica brick, a spinel brick, and four 
magnesiles. 


The temperatures adjacent to the curves indicate the maximum heat treatment the specimen had re- 
ceived previous to testing. (For additional details, see Pp. 721.) 


722 

















---@ 


Fire Clay 
M-l 


| 


: 
Gx 


‘oa 
Fire Clay H-I — 
New Jersey Siliceous |__ 


~*|_|--- 








IS75G |: 


J) —. 



































Fire-Clay Brick oe Fire-Clay Brick | 
Brand F Brand Q 


TA at be 





> 











S 
mM 





< 
Vv 
VU 
Ss 
ie) 
a 
Cc 
~~ 
9 
“a 
, 
e) 
Q 
x 
lJ 


























sahil 














Georgia Kaolin 












































1640C. 


r “Insulating Brick 
BR PP SES CFT Ce eee ek 


0 3X0 60 20 00 1500 6000 300 G0 900 1200 1500 (60 
Degrees C. 


Figure 6.—Thermal expansion curves for two types of fire clays and fire-clay bricks, 
a Georgia kaolin, an English china clay, insulating brick, and graphite. 
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The temperatures adjacent to the curves indicate the heat treatment the specimen had received previous 
to testing. (For additonal details, see p. 721.) 
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testing. (For additional details, see p. 721.) 
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Fiaure 9.—Thermal expansion curves for two zircon bricks, zirconium silicate, and 
silicon carbide. 








The temperatures adjacent to the curves indicate the heat treatment the specimen had received previous 
to testing. (For additional details, see p. 721.) 
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The following generalizations may be made when comparing the 
different materials studied: 

1. A comparison of the results obtained in oxidizing and reducing 
atmospheres showed that the expansions of the chrome ores were 
affected more by the reducing atmosphere than the other materials. 

2. The magnesites showed the greatest total expansion of those 
materials which had nearly a uniform rate of expansion. 

3. The expansion curves of the zircons in the second tests showed 
greater irregularities above 950° C. than the curves of the other 
materials. ‘This was probably due to the decomposition of zirconium 
silicate into zirconium oxide and glass. 

4, All materials showed some change in total expansion in the second 
test when compared with that obtained in the first test although in 
some instances the difference is small. 

5. Nearly all the materials decreased in weight and length during 
the tests. The loss in weight was due to volatilization of one or more 
of the constituents. Such volatilized material condensed or sublimed 
in the upper tube of the set-up. In most cases this material was 
probably silica. Crystalline growths appeared on some of the speci- 
mens. At the end of the tests all chrome ores were covered with 
beads of metal, probably an alloy of iron and chromium. 


2. PETROGRAPHIC ANALYSES & 


Petrographic analyses were made on chips taken from the speci- 
mens of the materials before and after the various heat treatments in 
order to obtain information relative to the effect of the various heat 
treatments on their mineralogical constitution. The analyses follow: 


AFRICAN CHROME SAND 


As received.—Largely chromite. Grains mostly transparent. Index of refrac- 
tion 2.07. Some hematite possibly present. Nonmagnetic. 

Heated at 1,400° C.—Three major constituents present: (a) Red colored chro- 
mite, index 2.07, isotropic; (b) sharply delimited areas of opaque material in the 
chromite grains; (c) colorless, transparent grains, index slightly lower than 1.50. 

Heated to 1,800° C.—Material has vitreous luster. Principal constituents 
present: (a) Chromite; (b) opaque material, less abundant than in previous 
samples; (c) interstitial material in spherulitic or needle-like forms, index about 
— intimately associated with an isotropic material of lower index, probably 

ass. 

. CUBAN CHROME ORE 


_ As received.—Largely transparent chromite with some serpentine. Very 
little opaque material present. 

a at 1,400° C.—Largely chromite with a few needle-like birefringent 
crystals. 

Heated to 1,800° C.—Chromite changed very little. Many grains having the 
red color and high index of chromite show a slight double refraction, perhaps due 
to strain. 

GRECIAN CHROME ORE 


As received.—Largely brown transparent chromite with a small amount of 
serpentine and a few grains of opaque material. 

Heated at 1,400° C.—Birefringent material, index higher than 1.70, and weak 
pleochroism, associated with chromite perhaps a pyroxene. 
_ Heated to 1,800° C.—Chromite grains lighter in color. Opaque material present 
in distinct grains with sharp boundaries. 





* Made by H. Insley. 
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FRIABLE AFRICAN CHROME ORE 


As received.—Composed of (a) chromite, (6) much opaque material, (c) small 
aggregates of red colored particles having a high index and high birefringence 
(possibly hematite), (d) small amount of quartz. 

Heated at 1,400° C.—Material not greatly different from that not heated. 

Heated to 1 ,800° C.—Chromite grains lighter in color. Less opaque materia] 
present than " originally. Occurs as distinct, rounded grains. Possibly some 
pyroxene and glass or cristobalite present. 


RHODESIAN IMPERIAL CHROME ORE 


As received and after heating at cone 23 (1,580° C.) and 1,800 °C.—None of the 
samples differ greatly. In addition to the chromite, a small amount of low index 
glass and opaque material, possibly hematite, present. 


INDIAN CHROME ORE 


As received.—Largely chromite, transparent and brown in thin pieces, and an 
opaque material. 

Heated to cone 23 (1,580° C.).—Not greatly different from the ‘‘as received” 
material except the opaque grains are rounded and have sharp boundaries against 
the chromite. Needlelike inclusions in chromite may be rutile. 

Heated to 1,800° C.—Chromite grains slightly lighter in color. Opaque grains 
not greatly changed. Crystalline grains of birefringent material, index about 
1.70, have appeared in appreciable quantities. 


TURKISH CHROME ORE 


As received.—Largely deep red chromite grains and serpentine with a small 
amount of pyroxene. 

Heated at 1,400° C.—Less opaque material. A spherulitic or fibrous crystalline 
material with a low birefringence and index of about 1.70, probably a pyroxene, 
was found to be intimately associated with and surrounded by a low index, iso- 
tropic material, probably glass. 

Heated to 1,555° C_—Composed of: (a) Chromite usually brown in color, (6) high 
index almost opaque material which may be a spinel like hercynite, (c) birefringent 
grains (index 1.65-1.70) probably pyroxene, (d) lower index material, probably 

lass. 
. AUSTRIAN MAGNESITE 


As received (calcined).—Material very heterogeneous. Isotropic material, 
periclase, index of refraction ranging from 1.735 to 1.76 composed approximately 
85 percent of sample. The chief impurities are: (a) Forsterite, (b) aggregates of 
what is probably hematite, and (c) a small amount of low index material, probably 


ass. 

Heated to 1,800° C.—Periclase grains large and rounded. Red, birefringent 
material (hematite) is almost absent. The grains of forsterite are large and very 
nearly pure 2MgO.SiO.. 


CALIFORNIA MAGNESITE 


As received (calcined).—Composed of: (a) More than 90 percent periclase, index 
1.735, (6) forsterite as interstitial material. 

Heated to cone 23 (1,580) and 1,800° C.—Periclase clear and colorless, either in 
rounded grains or faceted crystals. Forsterite crystals increased in size. Opaque 
material occurs as spherical inclusions in the periclase. 


ELECTRICALLY FUSED MAGNESITE 


As received, heated to cone 23 (1,580° C.) and 1,800° C.—Composed of: (a) Over 
90 percent periclase, (b) less than 1 percent glass and, (c) forsterite. All constit- 
uents colorless. No noticeable change due to different heat treatments. 


PERICLASE BRICK (CALIFORNIA) 


As received.—Principally composed of periclase, small amounts of forsterite and 
probably glass, and a few scattered grains of what may be a spinel. 

Heated to 1,800° C.—The size of the periclase grains and crystals of forsterite 
increased, otherwise little change from the ‘‘as received” material. 
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SPINEL BRICK 


As received.—Composed of over 90 percent spinel (index 1.72). A small amount 
of glass and a crystalline birefractory material (probably clinoenstatite or for- 
sterite) distributed along the boundaries of the spinel grains. 

Heated to 1,800° C.—The spinel and glass grains increased in size and the bire- 
fractory material disappeared. 


BRICK, FLINT CLAY, “BRAND Q” 


As received.—Composed largely of glass and very small, poorly developed 
mullite crystals, with a few grains of quartz. 

Heated to 1,630° C.—Miullite crystals increased in size, quartz dissolved. Ap- 
parently more glass present than mullite. 


BRICK, SEMISILICEOUS, “BRAND F” 


As received.—Composed principally of aggregates with a mean index of refrac- 
tion of 1.56. These aggregates are probably glass or cristobalite and feebly 
developed needles of mullite. Some grains of quartz are visible. 

Heated to 1,660° C.—Mullite needles well developed. Quartz completely dis- 
appeared. More glass (index 1.50) than mullite present. 


FIRECLAY, HIGHLY SILICEOUS, “H-1” 


Heated at 1,155° C.—Principally glass, quartz grains surrounded with cristobalite 
and poorly developed needles of mullite. 
Heated to 1,585° C.—Not greatly different from preceding material. 


FIRECLAY, M-1 


Heated at 1,155° C._—Amorphous material (mean index 1.56) containing fibrous 
material with a lower index. Mullite not identifiable. 
Heated to 1,670° C.—Small irregular needles of mullite and an interstitial 


material not identifiable. 
KENTUCKY BALL CLAY 


Raw.—Largely (a) platy clay mineral, often in vermicular growths, probably 
kaolinite; (b) quartz; (c) amorphous material (probably a clay mineral) with 
index about 1.55; (d) amorphous brown material; (e) a little rutile. 

Heated at 1,400° C.—Largely poorly developed mullite needles embedded in a 
lower index matrix. 

Heated to 1,600° C.—Principally mullite and glass. 


TENNESSEE BALL CLAY 


Raw.—Composition similar to that of the above Kentucky ball clay. 

Heated at 1,400° C.—Wholly mullite and glass with apparently more glass than 
mullite. 

Heated to 1,635° C.—Mullite crystals well developed with glass more abundant 


than mullite. 
ENGLISH BALL CLAY 


Raw.—Material extremely fine grained. Largely amorphous material and a 
platy clay mineral. Considerable organic matter, a little rutile, quartz, and 
muscovite also present. 

i at 1,400° C.—A mass of poorly developed mullite crystals in a matrix 
of glass. 

Heated at 1,650° C.—Considerably more glass than mullite present. Mullite 
grains show much evidence of solution. 


GEORGIA KAOLIN 


Raw.—Contains approximately 2 percent mica and less than 1 percent quartz. 
Remainder kaolinte. 
_ Heated at 1,400° C.—Principally extremely small needles of mullite and an 
interstitial material. 
' Heated to 1,660° C.—Composed wholly of well developed crystals of mullite and 
glass, 
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ENGLISH CHINA CLAY 


Raw.—Contains from 9 to 11 percent of muscovite, less than 1 percent of quartz 
and less than 2 percent of feldspar. Remainder kaolinte. 
Heated at 1,400° C.—Almost wholly well-developed needles of mullite and glass 
with the latter in preponderance. 
Heated to 1,680° C.—The amount of glass increased, indicating the solution of 
the mullite. 
FIREBRICK, 80 PERCENT ALUMINA 


As received.—Largely corundum and mullite. A small amount of glass and 4 
few grains high index, high birefringent material (rutile or zircon). 
Heated to 1,800° C.—Mullite and corundum present in about equal proportions, 
A small amount of glass still present, but the high index material previously 
noted gone. 
CORUNDUM, ARTIFICIAL 


As received.—Largely corundum with small amounts of glass and a high index, 
high birefringent material (possibly rutile). 
Heated to 1,800° C.—Not much change from the ‘‘as received”’ material. 


DIASPORE 


Raw.— Mainly diaspore with a very small amount of fine-grained clay mineral. 

Heated at 1,400° C.—Almost wholly corundum and glass. 

Heated to 1,720° C.—Corundum grains much larger. A small amount of 
mullite occurs as interstitial material associated with glass. 


BAUXITE 


Heated to 1,400° C.—Principally corundum, with lesser amounts of mullite, 
glass, and a compound of what is probably Fe,0; and TiO». 

Heated to 1,690° C.—Not greatly changed from preceding sample except that 
the size of the mullite crystals increased and the crystals of corundum show evi- 
dence of reaction with the fluxes present. 


MULLITE (DUMORTIERITE) 


Heated to 1,730° C.—Wholly mullite and glass, the latter composing 30 percent 
or more of the sample. 


MULLITE (ANDALUSITE) 


Heated to 1,800° C.—Mullite, corundum, and glass. The amount of corundum 
estimated at approximately 15 percent and the glass from 5 to 10 percent. 


MULLITE (SINTERED) 


Heated to 1,800° C.—Miullite, corundum, and glass. The amount of corundum 
estimated at approximately 25 percent and the glass between 15 and 20 percent. 


MULLITE (INDIAN CYANITE) 


Heated to 1,800° C.—Glass and corundum and well-developed crystals of mullite. 
The corundum present estimated at less than 15 percent. 


MULLITE (SYNTHETIC) 


Heated to 1,750° C.—Principally mullite, with very small percentages of 
corundum and glass. 


ZIRCON BRICK A 


As received.—Coarse-grained zircon with a small amount of glass. 

Heated to 1,800° C.—Two phases present: (a) Aggregates of zirconium oxide, 
(b) brownish glass. The zirconium oxide crystals were identified by X-ray diffrac- 
tion pattern. 


ZIRCON BRICK B AND ZIRCONIUM SILICATE 
Similar to zircon brick A. 
SILICON CARBIDE 
As received and heated to 1,715° C.—Whaolly pure silicon carbide. 
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Heindl] 
SILICA BRICK 
As received.—Largely tridymite with a lesser amount of cristobalite. A few 


remnants of quartz grains observed as well as an interstitial material, present to 


the extent of approximately 5 percent. 
Heated to 1,670° C.—Almost wholly cristobalite with a small amount of isotropic 


interstitial material (glass). 
INSULATING BRICK 
As received.—Only minute crystals of mullite embedded in a greater proportion 


of matrix material, probably glass. 
Heated to 1,380° C.—No pronounced change. 


VI. SUMMARY 


With four exceptions linear thermal expension measurements were 
made of each of 36 refractory materials using the specimen throughout 
the following cycle: (1) Room temperature to 1,000° C. in an oxi- 
dizing atmosphere, (2) room temperature to some temperature above, 
1,000° C. but not exceeding 1,800° C., in a reducing atmosphere, 
(3) room temperature to 1,000° C. in an oxidizing atmosphere, 


' (4) room temperature to some temperature above 1,000° C. but not 


exceeding 1,800° C., in a reducing atmosphere. This procedure 
gave information relative to the effect on the expansion of the materials 
(1) when tested in an oxidizing or reducing atmosphere, and (2) when 
heated at a temperature higher than that which they received pre- 
liminary to the first test. 

The petrographic analyses give information relative to the consti- 
tution of the materials before and after the several heat treatments. 

It was noted that: 

1. No apparent differences in expansion were obtained from room 
temperature to 1,000° C. when the materials were tested in either a 
reducing or oxidizing atmosphere except in the case of chrome ores 
which showed an exceptionally high expansion between 700° and 
1,000° C. under reducing conditions. 

2. The magnesites showed the greatest total expansion of the 
materials which had nearly a uniform rate of expansion. 

3. The expansion curves of the zircons in the second tests showed 
greater irregularities above 950° C. than the curves of the other 
materials. ‘This was probably due to the decomposition of zirconium 
silicate into zirconium oxide and glass. 

4. All materials showed some changes in total expansion in the 
second test when compared with that obtained in the first test although 
in some instances the difference is small. 

5. Nearly all of the materials decreased in weight and length 
during the tests. The loss in weight was due to the volatilization of 
one or more of the constituents. Such volatilized material condensed 
or sublimed in the upper tube of the set-up. In most cases this 
material was probably silica. Crystalline growths appeared on some 
of the specimens. At the end of the tests all chrome ores were 
covered with beads of metal, probably an alloy of iron and chromium. 


WasuIncTon, January 12, 1933. 
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FIRE TESTS OF COLUMNS PROTECTED WITH GYPSUM 
By Nolan D. Mitchell 


ABSTRACT 


Fire tests of six building columns protected with gypsum have been made to 
| supplement previous fire tests of columns similarly protected. These tests 
demonstrate the importance of some form of positive bond, such as steel cramps 
or ties, to hold unplastered block coverings in place. Block coverings with 
sanded gypsum plaster finish shrank less than the unplastered blocks and re- 
mained in place during the fire until the columns had failed. The plaster applied 
» to block coverings increased the fire resistance in greater proportion than the 
> ratio of the squares of resulting net thicknesses of covering outside of the steel. 


CONTENTS 


. Introduction - -- —- Sear te ee OOO cae. feauddM an nan -dtigh oba 
. Columns and protective coverings 
1. Materials 
iE as & adic ote dueinikitaknnne obhdns > ae eke 


3. Details of coverings 
. Method of testing 
1. Testing equipment 
2. Working loads, bearings, and restraint 
|, OCU i Eo ee 
li Aout. ob rc ic sa 3¢ ay ih: 
2. Deformations 
3. Fire effects on coverings 
Fe ae and discussion 
omparison with results of previous tests__-_--- -- -- 
Fire effects on protective coverings 
Anchorage of coverings 
Effectiveness of plaster 
Temperature at failure 
. Fire resistance of columns 
. Acknowledgments 


Ou GO NS 


a 


I. INTRODUCTION 


The results of fire tests of six steel columns which had fire protective 
coverings of gypsum products are presented. One of the coverings 
was of monolithic construction, the others were built of blocks cut 
from gypsum partition tiles. 

The information obtained supplements that derived from the tests 
of columns with gypsum block coverings included in the series of 
tests conducted jointly by the Associated Factory Mutual Fire 
Insurance Companies, the National Board of Fire Underwriters, and 
the Bureau of Standards, at Underwriters’ Laboratories, Chicago, 
lll., during the years 1917-18.! In those tests it was observed that 


i ty Teste of Building Columns, Underwriters’ Laboratories, 1920, also published as B.S. Tech. Paper 
0. 134, . 
737 
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shrinkage of the unplastered blocks loosened the mortar until th 
metal ties imbedded in the horizontal mortar joints were no long 
effective. As the fire progressed the blocks fell, exposing the steed 
usually before its temperature exceeded 100° C. (212° F.). 

In the present tests it was aimed to obtain more positive anchoray 
for the blocks and to determine the effect of plaster in decreasing the 
shrinkage from fire exposure and increasing the fire resistance of th 
protected column. 


II. COLUMNS AND PROTECTIVE COVERINGS 
1. MATERIALS 


The six steel columns were fabricated from plates and angles in 
accordance with the details shown in figure 1. The tensile tests oj 
the steel gave, yield point, 37,700 lb./in.’; ultimate strength, 58,000 
lbs./in.?; and elongation, 32 percent in 8 inches. 

The fibered gypsum concrete used in one test had a compressive 
strength of 760 Ib. in? as tested in a 6 by 12 inch cylinder, the averag 
of four 2-inch cubes was 790 lb./in.’, and the average tensile strength 
of 3 standard briquettes was 180 lb./in.? 

The gypsum blocks used for the protective coverings in the other 
tests were cut from ordinary 2-inch solid and 3-inch hollow gypsum 
partition tiles having approximately 3 percent of wood fiber in the 
form of fine excelsior. These when tested for transverse breaking 
strength with a concentrated load at the center of a 28-inch span gave 
breaking loads of 230 and 420 pounds or moduli of rupture of 200 and 
185 lb./in.’, respectively, for the solid and hollow blocks. The modulus 


of rupture of the hollow blocks was computed on the aires section. 


Compressive strengths were determined on half-length blocks remain- 
ing from the transverse tests. The results for edge and end bearings, 
respectively, were for solid blocks, 920 and 810 Ib./in.’, and for hollow 
blocks, 760 and 770 |b./in.? of net area. 

The mortar used for setting the gypsum blocks had tensile and 
compressive strengths of 70 and 300 lb./in.’, respectively. The sanded 
plaster as sampled during construction of the columns had tensile 
and compressive strengths of 50 and 670 lb./in.’, respectively. 

The gypsum plaster and the hydrated lime conformed with Federal 
specifications for the corresponding class of products and the hydrated 
lime also, except that 16 percent of the lime was retained on the no. 
200 sieve where as 15 percent was the allowable limit. 


2. WORKMANSHIP 


The workmanship in the fabrication of the columns was in accord- 
ance with commercial practice. The construction of the coverings 
was superintended by a man having long experience in this class of 
work and the workmanship was of good commercial grade. 


3. DETAILS OF COVERINGS 


Details of the six coverings are given in table 1 and figures 2 and 3. 

The gypsum concrete covering for column no. 1, composed of 7 
parts gypsum cement, 1 part wood chips, and approximately 7 parts 
water, by weight, mixed to a semifluid consistency, was poured and 
puddled into the wooden form so as to flow through the wire mesh 
surrounding the column. 
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The mortar and plaster were proportioned by weight of dry materi- 
als in the ratio 1:3 gypsum plaster and sand. The amount of water used 
was varied slightly from batch to batch to compensate for conditions 
which cause variations in consistency or setting time, or both. The 
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Figure 1.—Details of test columns and bearing plates. 


plaster was applied by the double-up method and finished with lime 
and plaster of paris white coat. 

The block coverings were dried from 1 to 2 weeks and the 
gypsum concrete for 1 month in the blast of a unit heater, with 
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Fiaure 2.—Details of column coverings. 


«REY 


ANTES 


eb RR TE SARI 8 DMR E OIE IEE ASE SET PE SIMRKE 











SERA DERE BOAR Roh Bie! 


me 


sac tiz seabed e oa eaten aeecseaie 

















BS. Journal of Research, RP 563 








FicgurE 3.—Columns nos. 3, 4, and 5 with 















> coverings started. 
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temperatures ranging from 38° to 54° C. (100° to 130° F.) before the 
plaster was applied. Column no. 2. had the white-coat finish applied 
two days after the brown and scratch coats, but nos. 3 and 5 were 
dried for 2 weeks between the plastering and the application of the 
finish. ‘The finished plaster on columns nos. 1, 2, 3, and 5 had sea- 
soned 25, 25, 29, and 27 days, respectively, before being subjected to 
the fire test. 
III. METHOD OF TESTING 


1. TESTING EQUIPMENT 


| The tests were made in a gas-fired furnace which was equipped with 
a hydraulic jack for applying loads as shown in figure 4. The jack 
piston was raised by a hand pump and lowered by opening a needle 
valve, thus raising or lowering the movable furnace floor which rested 
' on the spherical bearing block. Loads on the test columns correspond- 
| ing to measured fluid pressures were determined by calibration of the 
system, including jack and connected fluid pressure scale. 
) - The furnace was not designed for column tests and to accommodate a 
column of 10 feet 4 inches effective length an extension was built above 
the furnace roof slab. The temperatures at 12 locations in the furnace 
were indicated by chromel-alumel thermocouples, some protected by 
iron tubes and some by porcelain tubes. The temperature of the 
column at 10 points was indicated by iron-constantan thermocouples 
' inserted into the steel column shaft. 
' The changes in length of the columns were obtained approximately 
' by measuring the movements of the jack piston with micrometers and 
' by observing the changes in elevation of the column heads through a 
» telescope. As the furnace floor system was massive and had a pro- 
| tective covering of 5 inches of sand, gypsum, and fire bricks above the 
» concrete, it can be assumed that the changes in length between the 
| two observation points, which were 15 feet 6 inches apart, were mainly 
| those of the steel column, No measurement of the lateral deflections 
' of the columns was made. 


2. WORKING LOADS, BEARINGS, AND RESTRAINT 


| The loadings (1b./in.”) causing failure of the columns are shown in 
> table 1. That for columns nos. 1 and 2 was about 14 percent in 
' excess of allowable loads computed by the formula ” 





recommended by the American Institute of Steel Construction, and 
for columns nos. 3 to 6, inclusive, the excess was about 4 percent. 

The average stresses imposed in these tests at the time of failure 
| were for the first two columns 33 percent, and for the last four, 21 
percent, more than would have been applied in the Chicago tests to 
columns of corresponding slenderness ratio. 

The column was mounted in the furnace as shown in figure 4 with 
the top bolted and the bottom bearing plate bedded in quick-hardening 


? In the formula f is the allowable stress, Ib./in.’, 9, the effective length of the column, and r the least 
tadius of gyration of the column section. 
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cement mortar. The condition of restraint of the columns during test 
was designed to be that of having the upper end fixed and the lower 
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Figure 4.—Furnace and loading equipment with column in place. 
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end free except for friction at the spherical bearing and possible minor 
restraint at the edges of the movable floor section. 
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IV. RESULTS OF FIRE TESTS 
1. GENERAL RESULTS 


The results of the fire tests are summarized in table 1 and in table 2 
results from the earlier series of fire tests of columns protected with 
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gypsum block ‘coverings are given}for comparison. The temperature 
charts, figures 5 to 8, inclusive, show temperatures of the furnace and 
at several points in the column steel. The locations of these points 
are shown in elevation in figure 4 by the letters B, N, M, and 7’, and 
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in plan by the numerals /, 2, and 3, on the detail sections (figs. 5 tog 
The temperature averages given in table 1 for the cross section wep 
computed from the indications of the thermocouples weighted jy 
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proportion to the areas involved. The region of the column repre- 
sented by sections N, M, and 7, covers three fourths of the exposed 
length and comprises in each case the portion involved in the failure. 
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2. DEFORMATIONS 


The average compressive deformation of three columns, including 
column, base plate, furnace floor, and bearing block, on applying the 
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TEMPERATURE IN DEGREES CENTIGRADE 


load before test was 0.073 inch, approximately 60 percent of which was 
in the 124-inch effective length of the column, to judge from known 
stress-strain relations of steel. Changes in length of columns nos. 1, 
2, and 3 during fire test, as determined by observation of movements 
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at the two gage points, located one on the lower bearing block and the 
other 6 inches from the upper bearing surface of the column, are shown 
by the curves in figure 9. A comparison of the expansion of column 
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Ficure 8.—Temperature chart 


no. 3 with steel of approximately the same quality expanding under 
load with rise of temperature is given by the curves in figure 10, in 
which the temperatures for the column are the averages computed 
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from weighted indications of the thermocouples at the 10 points in the 
column shaft. The expansion was equivalent to that which would kk} 
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Ficure 10.— Measured expansion of column no. 3 compared with expansion of small 
loaded steel column. 


obtained by heating to the average measured temperature 105 inches 
of the column, the exposed length of which was 120 inches. 
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Column no. 1 after failure in fire test showing condition of fibered 


gypsum concrete after fire exposure. 
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Figure 12.—Column no. 5 
after failure in fire test 
showing condition of cov- 
ering after fire exposure. 








FIGURE 13.—Column no. 6 
after failure in fire test. 
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3. FIRE EFFECTS ON COVERINGS 


The photographs (figs. 11, 12, and 13) show columns nos. 1, 5, and 
6 after completion of the fire tests, and are typical of all the tests. 
| The plaster, it will be observed, has fallen from a large part of the 
exposed surface of column no. 1 but remained in place on the block 
covering of column no. 5. 

Plaster began to fall from column no. 1 a few minutes after the fire 
' was started. About two thirds of the plaster fell during the fire test, 
almost all of which took place during the first one and one half hours. 
The surface of the gypsum concrete, where exposed to the fire, was 
traversed by small cracks at intervals of 2 to 3 inches. One of these 
cracks, near where failure later occurred, had increased to five eighths 
inch in width at six and one half hours. The gypsum concrete shrank 
from 2 inches thickness to 1% inches, but remained in place even after 
severe distortion of the column shaft. 

Although cracks up to one half inch wide were observed in the cover- 
ing of column no. 2 before failure, all plaster and blocks remained in 
place until removed after failure of the column. The plaster ap- 
peared to have prevented all serious cracking of the covering except 
opposite mortar joints. The other two plastered block-covered 
columns behaved in much the same manner as no. 2 except that the 
outside covering fell from column no. 3 after failure of the steel. 

The block coverings of columns nos. 4 and 6, without plaster finish, 
began to crack early in the tests and before two hours had passed 
parts of the corners of some of the blocks had fallen, exposing ends 
of cramps. At 2 hours, 31 minutes, and 2 hours, 23 minutes, the 
steel of the respective columns was visible through cracks and from 
this time the cracks widened rapidly until at 2 hours, 49 minutes for 
no. 4 and 2 hours, 30 minutes for no. 6 some blocks fell. The column 
shafts, thus exposed, failed about 3 minutes later. 


V. SUMMARY AND DISCUSSION 
1. COMPARISON WITH RESULTS OF PREVIOUS TESTS 


The fire tests of five steel columns with unplastered gypsum block 
coverings conducted in 1917-18,' give fire endurance limits from 2 
hours 214 minutes for a 2-inch block covering to 6 hours 24% minutes 
maximum, for 4-inch block coverings. Failure in each test was 
hastened by exposure of the steel by falling of the blocks generally 
before the temperature of the steel exceeded 100° C. (212° F.). These 
columns had, in addition to the block coverings, layers of mortar 
three fourths inch or more in thickness between the steel and the 
blocks and all accessible reentrant parts were filled with gypsum 
blocks and mortar or a concrete made of gypsum cement and broken 
gypsum blocks. 

The average stress from applied loads at failure in the recent tests, 
for columns having a slenderness ratio of 91.2, was 4 percent greater 
than for the columns of the previous tests, the slenderness ratios of 
which were 44.0, 64.7, and 75.6 for the three types employed. The 
degrees to which the performance was affected by the greater slender- 
hess, greater stress, and different end restraint in the present tests 


—_— 


5 See footnote 1, p. 737. 
173145—33——_4 
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was not determined, but the effect of stress may be judged, at leas 
qualitatively, from available information.‘ 


2. FIRE EFFECTS ON PROTECTIVE COVERINGS 


About two thirds of the plaster fell from column no. 1 during the 
test. This was the only column from which any considerable amount 
of plaster fell. The character of the concrete surface left by the oiled 
wooden form may have been a contributing cause. 

The effect of fire on the block coverings without plaster was such 
as that described in the reports of previous tests °*’. Notwithstand- 
ing the iron cramps in the joints of these coverings, the blocks broke 
and fell before the temperature of the steel columns had reached 4 
point high enough to cause failure of the steel. Even so, they re. 
mained in place relatively longer than the block coverings in the 
previous tests in which the metallic bond consisted of strips of wire 
lath or corrugated wall ties in the mortar of the horizontal joints. 
The plastered block coverings, on the other hand, remained in place 
throughout the test. The shrinkage and cracking of the sanded 
gypsum plaster was not as decided as that of the exposed surfaces of 
the unplastered gypsum blocks. Only a few cracks opened enough 
to be considered as particularly serious and there was no noticeable 
warping of the blocks during the test. After the failure of column 
a 3, the covering fell, but neither of the other plastered coverings 
fell. 

3. ANCHORAGE OF COVERINGS 


The tests have clearly indicated that gypsum block ga 


without plaster must have some means of positive anchorage to hold 
the units in place if they are to develop the full protection that can 
be given by the material. The cramps made of band iron and pushed 
down into holes to link adjacent blocks of the same course together 
served to hold the blocks in place for two and one-half hours or more, 
but did not enable the covering to develop its full fire protective 
properties. None of the block coverings with plaster finish fell from 
place before the fire endurance limit of the column had been reached 
irrespective of method of anchorage used. The collapse of the 
covering of column no. 3 when the column bent indicates that the 
anchorage of wire cloth strips in the horizontal joints was less effective 
than the cramps which held the coverings of columns nos. 2 and 5 in 
place through the period of failure of the column and the subsequent 
cooling. 
4. EFFECTIVENESS OF PLASTER 


Sanded gypsum plaster with the usual lime and plaster of paris 
white coat when applied over gypsum block coverings is apparently 
at least as effective as an equal thickness of block. Although the 
heat conductivity of the plaster may be greater than that of the block, 
its shrinkage under fire is less, and cracks do not open up to the same 
extent as when the blocks are exposed directly to the fire. The 
plaster also prevented the decided shrinkage and warping of the blocks 





4S. H. Ingberg and P. D. Sale, Compressive Strength and Deformation of Structural Steel and Cast Iron 
Shapes at Temperatures up to 950° C. (1,742° F.) Proc.Am.Soc.Test. Materials, vol. 26, pt. 2, 1926. 

5 See footnote 1, p. 737. TS 

§ Hull, W. A., A Comparison of the Heat Insulating Properties of Some of the Materials used in Fire 
Resistive Construction. B.S. Tech. ay No. 130, 1919. 

? Hull, W. A., and Ingberg, S. H., Fire Resistance of Concrete Columns. B.S. Tech. Paper No. 272, 1925. 





— @® 


OO SSO lO lis 


Mitchell Fire Tests of Gypsum Protected Columns 753 


such as was experienced in fire tests of columns with unplastered block 
coverings. 
5. TEMPERATURE AT FAILURE 

The temperatures given in table 1, although the highest observed 
or the greatest average, were not necessarily the highest prevailing 
at the time of failure. However, for those columns on which the 
coverings remained in place it is improbable that the temperatures 
greatly exceeded those given. 

Column no. 1 failed at higher local temperature than those tested 
later in spite of a greater applied load. The gypsum concrete covering 


i may have augmented its load-carrying capacity by increasing its 


stability as a column and carrying at failure a minor portion of the 
load. 

Columns nos. 3 to 6, inclusive, failed when the temperature of the 
cross section giving the highest average reached 546° to 565° C. 
(1,015° to 1,049° F.), or an average of 557° C. (1,035° F.) for the 
four. While the temperature at this section was, no doubt, a large 
factor in the cause of failure, it is believed that the maximum temper- 
ature and the general temperature over the region of failure were 
also significant. 


6. FIRE RESISTANCE OF COLUMNS 


Among the factors affecting the fire resistance of steel building 
columns are the size and slenderness of the columns, the intensity 
of loading, and the kind and thickness of protective covering. The 
slenderness ratio of all the columns in the recent tests was the same, 
but greater loads were applied to columns nos. 1 and 2 than the 
others. The principal variations in protection for the columns were 
in the manner of applying and anchoring the covering materials and 
in the thickness of the covering. 

The tests were too few for the determination of the values of the 
various factors, but a consistent relation has been found for the fire 
tests on the basis of the thickness of covering and the method of its 
application and bonding. This relation is expressed by the formula, 
t=c(d?+b), in which ¢ is the time to failure, c, a factor varying with 
the units of measurement employed and with the form and composition 
of the covering material and its method of application, d, the average 
net thickness of the covering material outside of the flange of the 
column shaft and 6, a quantity depending on the size and properties 
of the column and its loading, also upon the effects of air spaces 
surrounding the steel or of fill in the reentrant spaces in the column 
shaft, and possibly other factors. 

The test results have been plotted in figure 14 with average net 
thickness of covering on column flange and time to failure as coordi- 
nates. The relation for columns covered with gypsum blocks held 
in place by cramps or wire mesh ties, and plastered with one-half inch 
of sanded gypsum plaster is given by the formula, ¢=35(d?+ 1), where 
tis the time to failure in minutes and d is the average net thickness of 
covering over the column flange in inches. It is shown by curve A. 
This formula applies to results found in the tests with this type of 
covering for thicknesses from 2% to 3 inches. 

The time to failure in the tests of columns similarly protected, but 
without plaster finish, was 85 percent of that computed by the formula 
and is shown as curve B. 
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Similarly the time to failure in the earlier tests (table 2) as shown by 
curve C, was 40 percent of that computed by the formula. The time 
to failure for the 4%-inch thickness of covering has been taken as the 
average of the three tests. 

Only one test (no. 1) was made with gypsum concrete protection 
which contained about 35 percent by volume of wood shavings, or 
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Figure 14.—Relation of thickness of covering to time of failure of columns in fire 
tests. 





12% percent of the dry mixture by weight. A considerable portion 
of the plaster finish fell off the 2-inch covering during the first part of 
the test, but, even so, a fire resistance of nearly 7 hours was 
developed. The principal differences between the covering of this 
column and those with solidly filled block coverings were its greater 
proportion of wood shavings, monolithic construction, and a well 
distributed reinforcement, but which of these or other factors con- 
tributed to its greater fire resistance is not known. 
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Mitchell 

A summary of fire-resistance periods for small columns, unpro- 
tected and protected with gypsum coverings as derived from tests, 
together with data suitable for reference in designing fire-resistive 
buildings is given in table 3. A study of this summary will show 
striking advantages to be derived from the use of cramps or plaster 
with block coverings and still greater advantage from the use of the 
gypsum materials in reinforced monolithic coverings. 


TaBLE 3.—Summary of ultimate fire resistance periods of steel columns with 
gypsum coverings 





Thick- 


ness 
; Metal bond in 
outside horizontal 


of col- ; 
umn joints 


flange 


Kind of covering Internal construction 





Inches 


None Bare column 
2-ine. 


h solid block 


Corrugated 
wall ties. 
Strips of wire 

lath. 
Corrugated 
wall ties. 
Strips of wire 
lath. 


Solid fill of gypsum block 
and mortar. 
Solid fill of gypsum con- 


crete. 

Filled with hollow block 
and mortar. 

Filled with concrete of 
broken block and mor- 


tar. 
Air space surrounding 
-— No fill. 


2-inch solid block 


3-inch hollow block naae . 
2-inch solid block ster le do 
3-inch hollow block...---|- ion mortar on flange. 
o fill. 
2-inch solid block Strips of wire | Solid fill of gypsum block 
lath. and mortar. 


Reinforcement 





2inch fibered gypsum 2% 
concrete. 


4 by 4 inch 
mesh wire 
fabric. 


Monolithic poured cover- 
ing. 

















' Net average thickness outside column flange. 
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THE INFRARED ARC SPECTRA OF MANGANESE AND 
RHENIUM 


By William F. Meggers 


ABSTRACT 


New types of photographic plates sensitive to infrared radiation are employed 
to explore the long-wave portions of manganese and rhenium arc spectra from 
7,200 to 11,000 A. The sources were metallic manganese in a copper are and 
metallic rhenium in a silver are. The spectrograms were made with large con- 
cave grating spectrographs, the first half of the range being investigated with a 
threefold increase in dispersion and resolution. Many new lines have been 
recorded in each spectrum and these in turn have disclosed new spectral terms 
or atomic energy levels. Lines in both spectra exhibit hyperfine structure. 


CONTENTS 
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1. Manganese 
2. Rhenium 


I. INTRODUCTION 


Metallic manganese was first isolated in 1774 and for 151 years 
remained the only known metal with a maximum valence of 7. 
Nearly a century after its discovery, Mendeléeff predicted, on the 
basis of a periodic arrangement of the elements, that 2 homologues of 
manganese should exist. These hypothetical elements were referred 
to as eka-manganese and dwi-manganese, or more recently as atomic 
numbers 43 and 75, until they were finally captured in 1925 by Nod- 
dack and Tacke,! and renamed masurium and rhenium, respectively. 
At the present time the amount of concentrated masurium is probably 
still too small for the study of its optical spectra, so that manganese 
and rhenium are the only metals of Group VII available for spectro- 
scopic study. 

Although the spectra of manganese have been under investigation 
since 1864, they are still far from being in a satisfactory state, especially 
at their extremes. The longer wave portion of the manganese arc 
spectrum was investigated by Kiess and Meggers ? in 1920 with dicy- 
anin sensitized emulsions but even with 5-hour exposure only four 
lines beyond 9,000 A were detected. 

The first extensive description and analysis of the rhenium arc 
spectrum was published by Meggers®* in 1931, but the observations — 


' W. Noddack and I. Tacke, Naturwissenschaften, vol. 13, p. 567, 1925. 

?C. C. Kiess and W. F. Meggers, B.S. Sci. Pap., vol. 16 (8372), p. 51, 1920. 

3 W. F. Meggers, B.S. Jour. Research, vol. 6 (RP322), p. 1027, 1931. See also W. Meidinger, Zeitschr. f. 
Phys., vol. 68, p. 331, 1931; H. Schober, Wiener Ber.IIa, vol. 140, pp. 79 and 629, 1931; vol. 141, p. 601, 1932; 
Vol. 142, p. 35, 1933. 
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did not extend beyond 8,798 A in the infrared. The long-wave limi 
of these observations was imposed in part by the scarcity of rhenium 
but mainly by the relatively low infrared sensitivity of the bes 
photographic materials then at hand. 

_ During the past year new types of photographic plates sensitive t) 
infrared radiation have become available. These improved materials 
now permit the use of increased dispersion in the range formerly 
studied, and what is still more important they advance the long. 
wave limit of spectrographic observations to 11,000 A, or eve 
beyond. Such superior photographic emulsions have recently been 
employed in a study of the arc spectra of manganese and rhenium, 
and the results form the contents of this paper. These observations 
constitute improved and extended descriptions of the characteristic 
emission spectra, and analyses of the new data give additional in. 
formation as to the spectral and atomic structure of systems with 7 
valence electrons. 


II. APPARATUS AND METHODS 


The spectra here described were obtained by dispersing and photo- 
graphing the light from electric arcs at atmospheric pressure, the ares 
being operated on a d.c. circuit with applied potential of 220 volts and 
current of 6 to 8 amperes. 

Metallic manganese of high purity was fused on copper rods and 
thus used for the production of the manganese are spectrum. The 
manganese, kindly supplied by Dr. F. M. Walters, Jr., was prepared 
in the Bureau of Metallurgical Research, Carnegie Institute of 
Technology. In the spectral range examined only one impurity line 
(Mg 8,806 A) was detected. 

My former study of rhenium spectra (RP322) was executed with 
part of a gram of pure potassium perrhenate which was still very 
scarce early in 1930. However, in this same year, relatively large 
quantities of rhenium salts and metal were uncovered as a by-product 
of certain chemical industries * and pure metallic rhenium in larger 
quantity became available for the first time. A sample of metallic 
rhenium from Die Vereinigte Chemische Fabriken zu Leopoldshall, 
Germany, was used in the present investigation. This metal was in 
the form of fine powder or sponge, and when a small portion of it was 
fused on silver electrodes in the electric arc, it served very satisfac- 
torily in producing an intense spectrum. The only impurities de- 
tected in the infrared range were two lines belonging to potassium 
(7,664 and 7,699 A), two characteristic of sodium (8,183 and 8,194 A); 
and three due to ionized calcium (8,498, 8,542, and 8,662 A). 

The spectrograms were made with concave gratings of 21.7 feet 
radius of curvature, the gratings being mounted so as to give stig- 
matic slit images in the manner described elsewhere.® ‘Two different 
gratings were used, one having 20,000 lines per inch and the other 
7,500 lines per inch. The former covered the interval 7,200 to 9,000 
A with a scale of 3.5 A/mm, while observations with the latter 
extended from 8,600 to 11,000 A with an average scale of 10.2 A/mm. 

Several new types of photographic plates for spectrography de- 
veloped by the Research Laboratory of the Eastman Kodak Co. were 





4‘W. Feit, Zeitschr. Angew. Chem., vol. 43, p. 459, 1930. 
‘ W. F. Meggers and Keivin Burns, B.S.S8ci. Papers, vol. 18 (S441), p. 185, 1922. 
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described about a year ago.® Since that time still further improve- 
ments have been made by combining special types of emulsions with 
new photosensitizing dyes, so that the entire range of visible spec- 
trum and an equal range of adjacent infrared is now easily recorded 
on commercial plates. From among various new types of plates now 
available three were chosen for the work in hand; they are identified 
as types I-R, I-P, and I-Q. The maximum sensitivities of these 3 
plates occur at about 8,100, 8,600, and 9,700 A, respectively, but the 
3 bands extend sufficiently to cover the entire range from 7,000 
A to 12,000 A. Each plate just before use was hypersensitized in a 
dilute ammonia bath, and immediately after exposure was developed 
in Eastman X-ray developer at about 16° C. 

The extraordinary sensitiveness of the R and P sensitized plates 
has permitted the use of a larger dispersion to 9,000 A than had ever 
been applied to these spectra before and the increased scale and reso- 
lution have revealed some new facts in addition to yielding improved 
wave lengths. Exposures of 10 to 30 minutes duration were made in 
the first-order spectrum, but the longer time always resulted in a 
S severe over exposure in the region of maximum sensitiveness. In 
several such cases it was necessary to diminish the dense blackness of 
the spectrograms by chemical reduction until they became transparent 
enough for measurement. 

Wave lengths of the infrared manganese and rhenium lines were 
derived from measurements relative to international standards in the 
iron are spectrum which was recorded in the second order of the grating 
on each spectrogram. The adopted standards were doubled in value 
to serve as effective standards in the infrared. Each line was meas- 
ured 4 or more times on 2 or more spectrograms. The probable 
error in wave length of a sharp line in the first range is estimated at 
about + 0.01 A, but the uncertainty may be several times as large for 
the remainder. 

III. RESULTS 


1. MANGANESE (Mn, Z-25) 


Kayser’ has summarized all the spectroscopic data on manganese 
up to the year 1910, at which time the wave-length measurements did 
not extend beyond 6,022 A in the orange. A few years later the are 
spectrum of manganese was remeasured on the international scale by 
Fuchs* who published a table of wave lengths extending from 2,289.93 
to 7,069.855 A. In 1920 Kiess and Meggers® published a list of lines 
beginning at about the middle of the visible spectrum and running 
out into the near infrared. Relatively small dispersion and a low 
scale of intensities were used and it now appears that the last real 
line in this list has a wave length of 9,243 A. The long wave arc 
spectrum of manganese was investigated radiometrically by Randall 
and Barker! who found 20 lines in the interval 11,378 to 17,608 A. 
Furnace spectra of manganese were studied by King" in the range 
2,795 to 8,200 A, but no lines were found beyond 6,500 A. 


‘©. E, K. Mees, J. Opt. Soc. Am., vol. 22, p. 204, 1932. 

: H. Kayser, Handbuch der Spectroscopie, vol. 5, pp. 726-771, 8. Hirzel, Leipzig, 1910. 
; H. Fuchs, Zeitschr.f.w.Phot., vol. 14, pp. 289-248, 263-280, 1914. 

oc. C. Kiess and W. F. Meggers, B.S.Sci. Papers, vol. 16 (8.372), p. 51, 1920. 

 H. M. Randall and E. F. Barker, Astrophys.J., vol. 49, p. 57, 1919. 

'A.S. King, Astrophys.J., vol. 53, p. 133, 1921. 
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Study of the atomic spectrum of manganese in the infrared jg 
seriously handicapped by a molecular spectrum when the arc js 
operated at ordinary atmospheric pressure. Bands presumably due to 
oxides of manganese pervade the whole range of infrared which can 
be photographed and tend to obscure atomic lines of low intensity. 
Daleetumstely the band heads are inconspicuous but the rotation 
structure of overlapping bands is so prominent and entangled that it 
is impossible to distinguish faint atomic lines from the background of 
fine lines due to bands. Consequently in the list presented below, 
many of the weaker lines may belong to bands and some true atomic 
lines may have been omitted. It will be worth while to reinvestigate 
this range of the manganese spectrum with a source in which the 
molecular spectrum is suppressed. 

In spite of the troublesome presence of bands on my spectrograms, 
this investigation of the atmospheric arc spectrum of manganese has 
revealed some interesting features of the atomic spectrum and has led 
to some corrections and extensions of the spectral structure analysis, 

The are spectrum of manganese has played an important role in 
the development of a theoretical interpretation of complex spectra. 
Two series of triplets were recognized in this spectrum by Kayser and 
Runge ” nearly 40 years ago, but no further progress was made until 
1922 when Catalan extended the analysis and drew attention to the 
existence of the certain groups of lines which he called multiplets. 
Up to this time only singlets, doublets, and triplets had been recog- 
nized in spectra, but now it appeared that spectral terms of higher 
multiplicity must also occur. This was indeed found to be the case 
and the discovery of quartet, quintet, sextet, etc., terms in other 
complex spectra soon led to a general interpretation of all atomic 
spectra.“ The correlation of Zeeman effects with multiplet structure “ 
showed that the two sets of threefold terms found in manganese in 
reality belonged to sextet and octet systems and thus removed an 
apparent violation of the alternation law. Manganese multiplets 
resulting from quartet terms were first pointed out by Russell ' and 
some additions to these were published by McLennan and McLay," 
who also gave the first comprehensive list of term values for the Mn1 
spectrum. This term table was copied by Bacher and Goudsmit * 
in ns ag compilation of atomic energy states with modern notation 
added. 

The main features of the infrared spectrum of manganese can be 
stated as follows: The most prominent group of lines in the investi- 
gated range is the y°P°-b°D multiplet lying between 8,670.92 and 
8,740.93 A. Each of the nine lines in this multiplet is now shown to 
be complex with hyperfine structure. The occurrence of hyperfine 
structure among manganese lines was first mentioned by Janicki ” 
who also recognized the structures to be of the type since called 
“flag patterns’’ in which both intensities and intervals of components 
decrease in one direction. Hyperfine structure in neutral manganese 





12H. Kayser and C. Runge, Abh. Berl.Akad.; 1894. 

13M. A. Catalan, Phil.Trans., vol. 223, pp. 127-173, 1922. 

4H. Hund, wg rg und Periodisches System der Elemente, Julius Springer, Berlin, 1927. 
oo Back and A. Landé, Zeemaneffekt und Multiplettstruktur der Spektrallinien, Julius Springer, 

erlin, 1925. 

16H. N. Russell, Astrophys.J., vol. 61, R. 228, 1925. 

17J. C. McLennan and A. B. McLay, Trans.Roy. Soc. Canada, III, vol. 20, p. 15, 1926. 

18 R. F. Bacher and 8. Goudsmit, Atomic Energy States, McGraw Hill Book Co., 1932, 

’ L. Janicki, Ann.d.Phys. (4), vol. 29, p. 833; 1909. 
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was further itl avn by White and Ritschl,” who showed that 
this structure was determined primarily by the coupling between the 
4s electron and the atomic nucleus. This 4s electron is present in 
both terms producing the y®P°—b°D multiplet, so that the complexity 
of the lines could have been predicted. Although the structures are 
not resolved in my grating spectrograms they are clearly of the flag- 
pattern type with a maximum spread of components of about 0.5 A. 

Another prominent group of long-wave manganese lines is the 
F°-b‘D multiplet ranging from 7,680.22 to 7,821.25 A. Superposed 
on this group is another one, 2°F°-c*D, part of the latter term having 
been found by Russell * in his search for series in this spectrum. On 
account of the hazy character of the lines and rapid decline of inten- 
sity with quantum numbers, the weakest level c*D,, cannot be estab- 
lished with certainty. Combinations of the strongest level c®Dyx 
point to a correction which is necessary in the 2°F° term. The level 
2F 5,= 16,624.24 appears to have been derived on the assumption that 
a line at 3,806.866 A represents the combination a°Dy-2*F°s,, but 
the neighboring line at 3,806.724 A is the proper one so that 2°F°s,= 
16,623.30. 

McLennan and McLay ” proposed a new °P term with levels at 
6,668.12, 6,626.07, and 6,604.68, but were suspicious of it because the 
level separations violated the interval rule, and combinations with 
a°D violated the intensity rule. The correct values for these levels 
are now found to be those given in table 1 for v®P°. 

The only remaining group of strong lines occurs between 9,084.27 
and 9,243.29 A. It has been interpreted as the combination a*F—z*D°, 
thus establishing a new metastable term of the Mn 1 spectrum, and 
most likely arising from the 3d’ configuration. 

My results for the Mn 1 spectrum are presented in tables 1 and 2. 
Table 1 lists the new terms which have been identified, the values 
being relative to the normal state a°S = 59,937.47. 


TABLE 1.—Energy levels of the manganese atom 





Level 


Symbol Term value separation 





a‘F 24, 998. 91 
24, 896. 20 102. 71 
24, 822. 66 73. 54 
24, 772. 57 50. 09 


16, 623. 30 


6, 676. 05 
6, 645. 99 
6, 626. 15 


3, 748. 01 
3, 581. 25 
3, 446. 7 
3, 369. 5 
3, 271. 5? 


‘P? 3, 475. 46 




















In table 2, estimated relative intensities, measured wave lengths, 
corresponding wave numbers in vacuum, and term combinations for 
the lines are shown in successive columns. Symbols accompanying 


* H. E. White and R. Ritschl, Phys.Rev., vol. 35, p. 1146, 1930. 
“ H. N. Russell, Astrophys.J., vol. 66, p 287, 1927 
roc.Ro 


“J.C. McLennan and A. B. McLay, y.Soc. Canada, ITI, vol. 20, p. 22, 1926. 
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the intensities have significance as follows: c=complex with hyperfine 
structure, h=hazy, H=very hazy, |=shaded to longer waves. 
v =shaded to violet, n= band head, p= part of band structure. 


TABLE 2.—Infrared arc spectrum of manganese 





Intensity Asir L.A. Yvac CM~! Level combination 





2H 10, 622. 
2p? 10, 561. 
2p? 10, 537. 
2p? 10, 456. 
3 10, 436. 


3h 10, 316. 
4h 10, 300. 
8h 10, 212. 
10, 102. 
10, 052. 


10, 045. 9,952.44 | 2°P3y.-d*D3x 
9, 822. 10, 177. 74 
9, 761. 10, 241. 45 
9, 753. 10, 250. 20 
9, 727. 10, 277. 44 


9, 719. 10, 286. 13 
9, 706. 10, 299. 83 
9, 703. 56 10, 302. 67 
9, 686. 10, 321. 

9, 684. 10, 322. Pi b' Dy, 


9, 411. 4 
9, 466. 2 
9, 487. 0 
9, 560. 7 
9, 578.9 

0 


y* PP» u? 


9, 691. 2Pin—-d Dox 
9, 705. 6 

9, 789.39 | 2°Psu-d°Dsx 
9, 895. 89 
9,944.66 | 2°P3~d*Dax 


OCOrPWOCOo NIHHWOc 
ane 


9, 676. 10, 331. y' Pix—b* Dox, 
9, 633. 10, 378. aDin—Poav? 
9, 631. 10, 380. 
9, 628. 10, 382. 
9, 626. 10, 385. 


9, 624. 10, 387. 
9, 608. 10, 404. : yi Ein UD 

ADiy—-c8 Dox, 
9, 606. 10, 406. { Pe 
9, 598. 10, 415. : aD3u-c8 Ds 
9, 584. 10, 431. 


9, 550. 10, 467. y’Pi-b'D yg 
9, 542. 10, 476. 96 
9) 535. 10, 484. AD iD, 
9, 502. 10, 521. 2D3u-*Pox? 
9, 476. 10, 549. ADi—c Dox 


9, 474. 10, 551. y*Pi-b'Dy, 
9, 444. 10, 584. yP3y—b' Dox, 
9, 429, 10, 602. 24D3y-c° D3, 
9, 412. 10, 620. 
9, 408. 10, 625. 


9, 336. 10, 707. 7 2Diu—'Pov? 
9, 331. 10, 712. aF3y-2!Diy, 
9, 325, 10, 720. y’Pie—b'Dig 
9, 323. 10, 722. 
9, 243. 10, 815. aFy—2Diy, 
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TABLE 2.—IJnfrared arc spectrum of manganese—Continued 





Intensity Asir ILA. Yvac Cm! Level combination 





9, 240. 10, 818. 60 
9, 234. 10, 826. 11 at F’34,—24 Dixy 
9, 220. 10, 842. 59 
9, 172. 10, 899. 66 a*F 31-2! D3 
9, 164. 10, 908. 36 


9, 155. 10,918.98 | atFy-2'Dix 
9, 128. 10, 951. 14 
9, 125. 10, 955. 9 

9, 114. 10, 969. 10 atFyy—2zDix 
9, 101. 10, 984. 6 





9, 084. 11,005.00 | atFy,-2z*D'y, 
9, 066. 11, 026. 59 
9, 021. 11, 081. 22 
8, 953. 11, 166. 1 

8, 932. 11, 191. 43 


8, 929. 11,195.49 | 2°Ps.-c°Dax 
8, 926. ai, 200. 08 2°P3y.—c® D3, 
8, 901. 11, 231. 6 2Piv—c8Dox 
8, 895. 11, 238. 72 

8, 859. 11, 284. 76 


8, 842. 11, 305.94 | 2°Ps.—*P2? 
8, 834. 11, 315. 90 
8, 827. 11, 324. 70 
8, 820. 26 11, 334. 2° Psyc Dox 
8, 798. 66 11, 362. 1P31,-coD sic 


8, 796. 11, 364. ADiy-b'Dyy, 
8, 767. 96 11) 402. 24Dii,—-b' Dox, 
8, 740. 33, 437. y® P3u—-b® Dax, 
8, 737. 11) 442. y®P3,,-b°Das, 
8, 734. 11, 445. ! y®P3u—-b° Dox, 





8, 729. 11, 451. 2D°s.-bt Dix, 
8, 717. % d 468. L°P3.—* Pox? 
8) 710. 11) 477. 6 
8, 703. 11) 486. yPix-b°Day, 
8) 701. 11) 489. yPiy.-b°Dos, 





8, 699. 11, 492. 2! y®P3u.—-b° Dixy 
8, 680. iyo 517. 2°F31.—d° D351, 
8, 673. 11, 525. y®Pix—-b® Dox, 
8, 672. 11, 528. yPi,-b°Disg 
8, 670. 11) 529.64 | ySPi—b°D,, 


8, 666. 11, 535. 24Dy-b'Dy 

8, 664. 6 11, 538. 24 Dib! Dir 
8, 659. 11, 545. 24Diu—b'Dox, 
8, 654. 11, 551. 2*Diu—b'Dsx, 
8, 603. 11, 620. 


8, 602. 11, 621. 2’Di-b'Dy, 
8, 600. 11) 624. oF i,-d*Dase 
8, 558. 11, 680. 24 Diu.—-bt Dix 
8, 521. 11, 731. 24*D3u-b!Dox 
8, 506. 0 11° 753.2 | 2Fn-cDi, 
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TaBLE 2.—Infrared arc spectrum of manganese—Continued 





Intensity Aair ILA. Yyac CM~! Level combination 


3 8, 481. 70 11, 786. 85 
1H 8, 476.3 11,794.4 | 2Fix-cDoxy 
20Hv 8, 431. 20 11, 857.45 | b°Sa-v®Pix, 
2H 8, 421. 12 11,871.65 | 2Fix-cDis 
15Hv 8, 409. 11, 887.51 | B°Sa-v*Pix, 


10Hv 8, 395. 11, 907.35 | B°Sa Pix 
40 8, 380. 11, 928. 80 

4h 8, 373. 11, 938. 54 
8, 353. 11, 967.33 | 2*Fiu-c®Day 
8, 344. 11, 980. 22 


8, 304. 12, 038. 48 
8, 284. 12, 067.45 | 2Fix-c*Day 
8, 251. 12, 115. 48 
8, 237. 12, 135. 73 
8, 234. 12, 140. a'Day—-y°P 





8, 229. 12, 147. 
8, 212. 12, 173. 
8, 210. 16 12, 176. 6§ a*Doy—y® Pix 
8, 204. : 12, 185. 
8, 194. 06 12, 200. 


8, 148. 7& 12, 268. 
8, 119. ¢ 12, 312. 
8, 110. 12, 326. 
8, 105. 12, 333. 
8, 079. 12, 373. 


OO bo Wo tO bo 


8, 043. 12, 429. 
8, 032. 12, 445. 
8, 026. 12, 455. 
8, 021. 12, 462. 
7, 948. ( 12, 578. 


7, 942. 12, 586. 
7, 938. 5: 12, 593. 
7, 928. 12, 609. z*Fix,-b'Dsy, 
7, 920. 12, 622. 
7, 916. 12, 628. 


7, 911. 6 12, 636. 
7, 889. 6 12, 671. 2*F ib! Do, 
7, 871. 58 12, 700. 
7, 865. 12, 710. 
7, 854. 3 12, 728. 


te DO O00 
> 


no 
hm DO em dO OF 
— 


Who w re to 


> 2Fyx-c8 Day 
7, 834. 12, 760. (ore ap 
7, 821. 12, 782. 2F3u-b' Day 
7, 816. 12, 789. 2Fiy—b' Dow 
7, 806. 12, 807. AF in—-b! Diy 
7, 790. 12, 832. 2°F3u-c° Ds, 


7, 782. 12, 846. oF i,-c!Day, 
7, 764. 12) 875. 2°F},<-c8Darg 
7, 755. 12, 891. 2Fiv-b'Dy, 
7, 752. 12, 895. 2F3.-cDoy 
4, 304. 12, 921. 
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TaBLE 2.—Infrared arc spectrum of manganese—Continued 





Intensity Aeir IA. Vvac Cm! Level combination 








2h 7, 735. 12, 923. Fic Diy 
50h 7, 734. 12, 925. 2*F3—b! Dig 
7, 733. 12, 927. SF i—CD3 
7,727. 12, 937. 
7, 721. 12, 947. 


7, 712. 12, 962. 2Fiy-b!Dox 
7, 709. 12, 966. 2°Fiic-c°Doy, 
7, 706. 12, 972. 2°F 3,,-c Diy, 
7, 680. 13, 016. 2Fib'D; 

7, 677. 13, 021. 2Fi-eDig! 


7, 670. 13, 033. 
7, 667. 13, 037. 
7, 655. 13, 058. a®S3-a°Pix, 
7, 651. 13, 065. a8Ssy,-a* Pix, 
7, 646. 13, 075. a8S3u,-a* Pix 


7, 603. 13, 148. 
7, 552. 13, 237. 
7, 534. 13, 268. 
7, 515. 13, 301. 
7, 483. 13, 359. 
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2. RHENIUM (Re, Z=75) 


My former description of the rhenium are spectrum * gave the 
wave lengths and estimated intensities of about 2,000 lines from 
2,500.59 in the ultraviolet to 8,797.6 in the infrared. About 500 of 
these lines, including nearly all of the stronger ones, were classified 
as combinations of established energy levels but relatively few of 
these levels could be grouped into identifiable terms. Now in this 
supplementary investigation of the the infrared, the data between 
7,200 A and the former limit have been greatly improved and lines 
have been recorded out 10,639.44 A. Several hundred new lines 
have thus been added to the number characteristic of neutral rhenium 
atoms and additional spectral features of interest have been disclosed, 

The use of higher dispersion and resolving power in the interval 
7,200 to 9,000 A has given new data on hyperfine structure which is 
such a prominent feature of rhenium lines. Whereas the widest man- 
ganese lines cover an interval of only 0.5 A, some of the infrared 
rhenium lines are nearly 2.0 A broad and are resolved into 5 or 6 
components in the first order of our Rowland grating. Details of 
this hyperfine structure are reserved for another publication, but 
some qualitative information is shown here with the same symbols 
that were employed in Research Paper No. 322. 

A brief analysis of the new infrared data disclosed five additional 
metastable levels in the Re 1 spectrum. These are presented in 
table 3, the values being relative to the normal state a°S=0.00. 


TABLE 3.—Energy levels of the rhenium atom 





Level 
no. Value 





a 19, 457. 76 
.1 J 23, 154. 75 
1 $ 24, 724. 12 
. 2 26, 131. 46 
. 3 27, 141. 00 

















Combinations of these levels with those previously described 
(RP 322) account for nearly all of the stronger lines in the infrared 
as well as many others in the remainder of the spectrum. No further 
attempts to establish middle or high levels have been made, this being 
postponed until the spectrum has been accurately described in the 
ultraviolet between 2,000 and 2,500 A. Furthermore, additional 
efforts to group levels into terms is regarded as premature until the 
Zeeman effect of rhenium lines has been extensively studied. It is 
obvious that the Re 1 spectrum exhibits a considerable number of 
wide-spreading, overlapping terms, and lacking confidence in the 
interval or intensity rules as criteria for grouping levels in such a 
case it may be hoped that the Zeeman effect and g-sum rule will 
really serve as a guide out of this wilderness. Comparison of the 
two spectra, Mn 1 and Re 1, shows that the normal state (zero energy) 
is represented by a sextet S term in each and that both exhibit ex- 
cited states belonging to quartet, sextet, and octet systems, but it 
would be presumptious to go beyond this at the present time. 





<3 W. F. Meggers, B.S. Jour. Research, vol. 6 (RP322), p. 1027, 1931. 
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The new data for the infrared spectrum of rhenium are displayed 
in table 4 in which estimated relative intensities, measured wave 
lengths, vacuum wave numbers, and level combinations appear in 
successive columns. Fortunately molecular bands which are so 
troublesome in the Mn 1 spectrum are almost entirely absent from the 
Pe 1 spectrum and it has, therefore, been possible to give a more 
satisfactory description of the latter. 


TaBLE 4.—Infrared arc spectrum of rhenium 
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TABLE 4.—Jnfrared arc spectrum of rhentum—Continued 
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TaBLE 4.—Infrared arc spectrum of rhentum—Continued 
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RECOMBINATION RADIATION IN THE CESIUM POSITIVE 
COLUMN 


By F. L. Mohler 


ABSTRACT 


The radiation emitted along the axis of a positive column has been measured 
by spectrophotometric methods and electrical measurements have been made with 
small probe surfaces near the line of sight. 

The continuous spectrum near the 6?P limit was measured with pressures 
ranging from 0.84 to 290u and with a 50-fold range of electron concentration, N,. 
At low pressures the intensity varies as N?, and is nearly a linear function of 
pressure with about twice the zero pressure value at 9u for N.=10" or less. At 
higher pressures and high values of N, the increase in intensity is less than N?,. 

The intensity near the 5?D limit remains nearly equal to that at 6?P for pressures 
above 3u. At high pressures the subordinate and fundamental series lines change 
in the same way as the continuous spectrum. 

The low-pressure measurements give a basis for evaluating the probability of 
spontaneous recombination of an ion and an electron into the 6?P level. The 
effective collision area for 0.3 volt electrons is 1.7 10-2! em?. 

The effect of vapor density is to increase the probability of transition. Ex- 
pressed as a 3-body collision, recombination takes place if an electron and an 
atom are simultaneously within 6X 10-8 cm of an ion. 

With high electron concentration radiation is suppressed in a process which is 
probably the converse of ionization by collision. This quenching process takes 
place when two electrons are simultaneously within a distance of about 10-7 cm of 
an ion but the distance increases with vapor density. 


CONTENTS 


ER ER, 2- , Rae E e e 

II. Experimental procedure 

III. Results 
1. Intensity of the 6P band 
2. Intensity of other bands and lines 

IV. Discussion 
1. Spontaneous recombination 
2. Vapor density effect 
3. Quenching of recombination by electron collisions_______---- 
4. Conclusions 


I. INTRODUCTION 


This is one of a series of papers giving measurements of the atomic 
constants which determine the rate of interaction of electrons, ions, 
and atoms in an electric discharge.' The uniform glow which fills 
most of the tube in the familiar type of electric discharge is a mixture 
of atoms, positive ions, and negative electrons. The electrons collide 
with the atoms and ions and produce ionization and radiation. The 





1 Mohler, B.S. Jour. Research, vol. 9 (RP455), p- 25, 1932; (RP485), p. 493, 1932. 


Boeckner and Mohler, B.S. Jour. Research, vol. 10 (RP535), p. 357, 1933. 
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chance of producing any given effect can be expressed in terms of an 
area around each atom through which an electron must pass to produce 
the effect. These collision areas are evaluated by measuring the 
number of atoms or ions, the number of electrons and the total effect 
produced in a given volume. This paper deals with collisions ip 
which an electron becomes attached to an ion to form a neutral atom 
and the effect measured is the continuous spectrum radiation emitted 
in this recombination process. Results show that this effect which 
is negligible in low-pressure discharges can become an important 
factor in high-pressure high-current discharges. 

When a positive ion and an electron recombine spontaneously, that 
is, in a 2-body collision, the energy will be radiated in a single quantum 
of energy 

hy=hy,+1/2mv* (1) 


where y; is the frequency of a series limit and vis the electron velocity, 
With electrons of random velocity there is a continuous band extend- 
ing beyond each series limit and the intensity at any frequency meas- 
ures the rate of recombination of electrons of the corresponding speed 
into a particular level, provided the continuous bands do not overlap. 
The rate of recombination will be expressed as an effective area g (v;,1) 
characteristic of the limit »,; and the electron speed. The number of 
collisions within this area gives the number of quanta radiated 


J (v) dy 
hy 


where the N’s are the number of ions and electrons per cubic centi- 
meter and f (v) dv is the fraction of electrons having a range of speed dv 
corresponding to dy. The electrons in a plasma have a Maxwell 
distribution of velocity and N* and N, are very nearly equal 


J (v)d ie 
LU) 4 (v4,0) N?, or V7, &XP- (— V/Vo) dp (2) 


=q (vw) N*N.0of (v) dv 


where V and V, are the electron energy and the most probable energy 
in electron volts. 

About five years ago Boeckner and the author made a quantitative 
study of the continuous bands emitted by a cesium discharge.’ 
Results indicated that the intensity distribution depended on the 
electron velocity distribution in a manner consistent with equation (2) 
and for the 6?P and 5*D bands q was inversely proportional to »’V.’ 
The intensity distribution‘ then has the form 


AJ (A) = bN*, exp. (— V/Vo)/V*o (3) 


where 6 is a constant characterisitc of the limit. As cencerns the 
absolute magnitude of the effect, the results indicated complications 
in the theory. The variation of intensity was less than N?, for high 
values of NV, and there was a marked increase in intensity with vapor 
pressure. The vapor pressure does not enter explicitly in equation (2) 
and the only predicted effect would be a slow variation resulting from 
the small change in Vo. Nevertheless the importance of vapor pres- 





Mohler and Boeckner, B.S.Jour. Research, vol 2 (RP46), p. 489, 1929. 7 
3 We here use total quantum numbers instead of the P en notation used in other papers of this series. 
6P and 5D are the first P and D terms of cesium. 
* Boeckner, B.S.Jour. Reaserch, vol. 6 (RP274), p. 277, 1931. 
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sure has been emphasized in numerous qualtitative studies of recom- 
bination spectra.® 

Recently Webb and Sinclair ® have studied the afterglow of a 
mercury discharge as a function of electron concentration and electron 
temperature. The intensity was proportional to the first power of 
N, and decreased very rapidly with increasing electron temperature. 
The results could be accounted for by assuming that recombination 
proportional to N?®, ‘was quenched by collisions of electrons with 
energy exceeding about 1 volt. They also found a rapid increase in 
intensity with pressure. 


II. EXPERIMENTAL PROCEDURE 


Mohler and Boeckner used the negative glow and dark space between 
a hot wire cathode and surrounding anode as a source of radiation but 
the positive column is better adapted to the purpose. The radiation 
per unit volume is somewhat less but the volume can be made as large 
as desired and is not a function of the pressure. The procedure was to 
measure the intensity sighting along the axis of the column and to 
measure the electron concentration with small probe surfaces at the 
axis. 

The discharge tube was 1.8 cm in diameter and the length of the 
column was about 24 cm along the line of sight. The thermionic 
cathode and anode were in side tubes. The cesium was in an appendix 
and the vapor pressure was controlled by a separate heater around it. 
The probe surfaces were the ends of platinum wires covered except 
at the end with glass. Commonly there were two probes 0.4 and 1 mm 
in diameter. 

The technique of the electrical measurements has been described 
before ? but will be repeated in part as these measurements offer the 
chief source of uncertainty. The electron current reaches a nearly 
constant value at potentials positive to the space. The current per 
unit collecting area J is then related to the electron concentration by 
the equation 


N,=3.75 X 10 "I//V, 


and the electron energy V, is obtained in the usual manner from the 
slope of the linear log J vs. V curve for values of V negative to the 
space potential. The difficulty is that, while the random space current 
may be as high as 40 amperes per square centimeter, the probe 
current should not exceed 0.1 ampere which necessitates a small 
area. In cesium vapor it is necessary to avoid a close fit of the insulator 
around the probe to reduce leakage, and in use the probe is heated 
enough to cause a gradual change in the exposed area. The use of 
probes of two sizes reduces the uncertainty, as the effective area of 
the smaller one can be found by comparison. Absolute values are 
based on the mean results obtained with several tubes. An upper 
limit of pressure and current is set by the probe limitations; the lower 
limit is determined largely by intensity considerations. 

_Intensity was measured by direct comparison of the spectra of the 
discharge and of a calibrated tungsten strip lamp. The discharge was 





: Krefft, Zeits. f. Phys. ,vol. 77, p. 752, 1932. 

- Webb and Sinclair, Phys. Rev., vol. 37, p. 182, 1931. 
B Mohler, F. L., Collisions of the First and Second Kind in the Positive Column of Cesium Discharge, 

8.Jour. Research, vol. 9 (RP485), p. 493, October 1932. 
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focussed on the strip and the superposed images of the strip and dis. 
charge were focussed on the spectrograph slit. Visual measurements 
were made by varying the strip lamp current to match the discharge, 
Photographic measurements were based on densitometer measure. 
ments with the strip and discharge nearly matched and were always 
more accurate than my visual measurements. A correction for 
transmission of the tube and furnace windows and first lens is included, 
The accurate collimation of points extending 24 em along the line of 
sight would require a very small aperture and the actual aperture 
ratio of about one thirtieth is necessarily a compromise. 

A troublesome source of error in the continuous spectrum measure- 
ments is the scattered light from the line spectrum. At 4,950 A 
the photographic fogging comes largely from the doublet at 4,555 and 
4,593 A. This is an absorption doublet and a bulb of dense cesium 
vapor in front of the discharge, combined with a mask over the plate, 
seemed to eliminate the trouble. Repeated runs were vitiated before 
the need of extreme precaution was realized. 


III. RESULTS 
1. INTENSITY OF THE 6P BAND 


Figure 1 gives plots of the log of the intensity at 4,950 A, near the 
6P limit, versus the log of the electron concentration at nine different 
vapor pressures. A correction of 0.23 must be added to give the 
intensity in the tube. Circles give a single set of measurements, 
judged to be the most reliable; but the interpolation and extrapolation 
are based on several other series of measurements. At low pressures 
the curves are straight lines of slope two, which means that the in- 
tensity is proportional to N’,. Except at the highest pressures the 
curves start with a slope of two. At the lowest pressures the intensity 
is nearly independent of pressure while above 6y the intensity is 
roughly proportional to the pressure at constant N,. 

Probably the intensity depends on the vapor density or number of 
atoms per cubic centimeter rather than on the pressure. A rough 
measurement with tube temperatures of 240° and 440° C., and a vapor 
pressure of 12.5u showed that the intensity was about 35 percent less 
at the higher temperature. The density change would account for a 
25 percent change and the discrepancy can be ascribed to inadequate 
control of the cesium temperature. An effect depending on collisions 
between atoms and relatively high-speed ions would vary with the 
density rather than the pressure. 

The intensity distribution in the 6P band has been checked at two 
extreme pressures by intensity measurements at two wave lengths. 
From equation (3) the intensities at two wave lengths, \, and »,, 
separated by an interval corresponding to V,— V, electron volts, are 
related to the electron energy V, as follows 


(V2— V;) log € * 
log Ay (Ay) — log Age (Az) 


At a pressure of 290u with a 2-ampere discharge, V, =0.187 volts. 
Measurements of the reversal temperature of the resonance line give 
V,=0.195 volts. At a pressure of 64 measurements on a 3-ampere 
discharge gave V,=0.255 volts while electrical measurements and 
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Figure 1.—Intensity of the continuous spectrum near the 6P limit. 


_ Log J (4,950) versus the log of the electron concentration at nine pressures. J is radiation flux in ergs 
in & wave length range of | uw in an angle 2 x. 
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reversal temperature both gave V,=0.283. The discrepancy may 
well come from window absorption and the conclusion is that the 
intensity distribution conforms closely to the predicted form over a 
wide range of conditions. 











25 L/ ! in 
ILS 12.0 12.5 13.0 13.5 
Log Ne 
Ficgure 2.—Intensity of lines 6P:y-10D and 6P37-11D and of continuous 
spectrum. 


The steep, smooth curves give the continuous intensity, the dots and nearly horizontal curves the line 
intensity. 





2. INTENSITY OF OTHER BANDS AND LINES 


Visual measurements of the continuous spectrum at 5,925 A near 
the 5D limit at pressures above 3 » show nearly the same variation 
with pressure and current as the 6P band and the absolute value is 
about the same as at 4,950 A. 

Visual settings were made on the superposed pair of lines 6Py/2-10D 
at 5,466 A and 6Ps,.-10D at 5,503 A. At pressures above 80 p the 
variation of intensity with pressure and current is the same as for the 
continuous spectrum. Figure 2 shows the results at lower pressures. 
The smooth steep curves give the intensity of the 6P band; the dots 
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and full lines give the line intensity reduced by an arbitrary factor to 
the same scale. At the lowest pressures there is no correspondence 
between the variation of line intensity and continuous intensity. At 
intermediate pressures there is an abrupt transition with increasing 
N, to a variation paralleling the continuous spectrum. The variation 
of line intensity with pressure at constant NV, has a sharp minimum 
near the point where the line intensity curve meets the continuous 
spectrum curve. ‘ ae 5 ; : 
Qualitative observations indicate that all subordinate series lines 
change in a similar manner, the transition current and pressure being 
somewhat higher for the lower series lines. Unpublished measure- 
ments of the spectrum intensity distribution in the negative glow show 
that above the transition range the intensity distribution in the whole 
visible spectrum except the principal series doublet remains unchanged 
as the pressure and current are changed. 
' Because there is a rapid change in relative intensity of continua and 
| lines below the transition pressure there is a misleading visual im- 
| pression that the continuous spectrum suddenly appears in this pres- 


sure range. 
IV. DISCUSSION 
1. SPONTANEOUS RECOMBINATION 


' The results bear out the evidence of previous work that the intensity 
© of the continuous spectrum depends on factors not included in the 
» elementary theory. The effect of vapor density shows that recombi- 
' nation under discharge conditions is not purely a spontaneous re- 
» combination in a 2-body collision. Nevertheless the pressure effect 
» becomes extremely small at the lowest pressures and there is a basis 
", for evaluating the probability of spontaneous recombination at zero 
') pressure. 

» The experiments are complicated by the fact that the electron 
> energy depends on the vapor pressure and current. The variation 

) with current is of the order of 10 percent and will be neglected. V, 
» decreases with increasing pressure from 0.38 to 0.195 volts over the 
» extreme range. As Vp enters equation (2) as 1/V,°”, values of the 
» intensity will be multiplied by (V»/0.3)*” to reduce them to a standard 
value of V>=0.3 volts. 

Figure 3 includes values of J as a function of pressure up to 61 u for 
N.=10 ” and values of J/100 for N,=10 *. The values for N,=10 ” 
are a linear function of the pressure within experimental uncertainty. 
» The two curves have nearly the same intercept at p=0 and the sepa- 
| ration at higher pressures measures the departure from the N,’ law of 
intensity variation. The mean value of the two intercepts gives 
J=43 in units of figure 1 for zero pressure. 

It is convenient to evaluate the effective cross section for recom- 
bination q(6P) at an interval corresponding to 0.3 volts from the 
limit, viz, 4,400 A, and, from equation (3), J(4,400) =0.415 J(4,950). 
It is estimated that 0.28 of this comes from the 5D band. On this 
basis the number of quanta emitted in a cubic centimeter in unit 
frequency range is 0.66 x 10~® times the plotted values. ‘The effective 
collision area q(6P, 0.3 volts), is by equation (2), 1.7X10-* cm*. As 
cesium 6P has an effective quantum number of 2.35 it should be 
compared with a hydrogenic 2 quantum level. The theoretical value 
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for recombination of 0.3 volt electrons into the hydrogen 2, level js 
3.66 < 10-7! em?.8 
2. VAPOR DENSITY EFFECT 


The increase in the rate of recombination with vapor density can be 
expressed as an increase in g with the number of atoms per cubic 
centimeter N,. The upper curve of figure 3 gives the relation 


q—%=0.71 X 10-*Neg (4) 


where q is the value at zero pressure, 1.7 10-*! cm*. The transition 
probability is doubled at a pressure of 9 u or when the average distance 
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Figure 3.—Intensity of continuous spectrum at 4,950 A versus pressure. 
Intensity is reduced to Vo=0.3 volts. 





between atoms is about 210-'cm. The interaction can be described 
as follows: For an electron and ion to recombine spontaneously the 
electron path must have a narrowly restricted value of angular 
momentum relative to the ion. With the presence of another atom 
near the ion there is the possibility of the transfer of some of the 
momentum to that atom and the range of electron paths which can 
recombine is extended. The magnitude of the interaction is, however, 
surprisingly great. 

As the interaction involves three bodies, one can express the 
probability of induced radiation as the probability of an atom and an 
electron being simultaneously within a distance r, of an ion. With 





§ Steuckelberg and Morse, Phys.Rev., vol. 36, p. 16, 1932. 
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N, atoms per cubic centimeter the number of atoms within a distance 


r, of N* ions is ; nr,°N*N, and the number of electron collisions with 


these ions is 4 m''N*N Neb. At a pressure of 9 wu, Nz=1.4 x 10%, 


the number of induced collisions equals the number of spontaneous 
collisions. 
atreN*N.Nebe= 1.7 X 10-"N* No, 6) 
r,>=0.92X10-*% r,=6.210-§ cm 


This interaction distance r, bears no simple relation to the q of 
equation (4), for equations (4) and (5) express two different interpre- 
tations of the phenomenon. 


3. QUENCHING OF RECOMBINATION BY ELECTRON COLLISIONS 


The continuous spectrum intensity increases less rapidly than the 
square of the electron concentration at high pressure and currents. 
This can be ascribed to an interaction between the recombining 
electron and a second electron in which the energy of recombination 
is given to the second electron. This process is the converse of ioni- 
zation by electron collision except for the complicating effect of vapor 
density considered above. This quenching process is a 3-body 
collision and the number of collisions per cubic centimeter per second 
can be expressed in terms of the probability of two electrons being 
within a distance r, of anion. The number of quenching collisions is 
proportional to Jo—J, where J is the actual intensity and J, is the 
value that would be observed if J were proportional to N,?. The 
absolute value can be expressed in terms of q(6P) of equation (4). 








5 rreN +N ‘ = Ay Ja (6P ) N eVe (6) 
4 9p 3N,= 252 q6P) (7) 
3 Jy 


Table 1 gives values computed for all curves where the departure 
from the N,? relation was measurable. The interaction radius is of 
the same magnitude as was found by equation (5) for radiation 
induced by atomic collision. 


TABLE 1.—Quenching of recombination by electron collisions 
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One can alternatively express the quenching in terms of the chance 
of a quenching collision during the recombination process by assuming 
a time interval 7 and an effective area g, in which the collision of a 
second electron will be effective. There are g, N, »v, collisions per 
second with a recombining atom and q, N, v, 7 is the chance of a 


o 


collision given by J Ya _f From equation (6) 


q(6P)qer siege arr. /0, (8) 


The effective area g, can be expressed in terms of an effective radius 
r’ and r is naturally identified with the time it takes for an electron 
to cross this area. In conformity with the right side of equation (8) 


we can take r=5 r’jv,. The radius r’ is much larger than r, (at a 


pressure of 61 pit is 2.4410-' cm). The difference is the same as 
appeared in the two views of the pressure effect. The right side of 
equation (8) expresses the chance of two electrons being within equal 
distances r, of the ion. The left side gives one electron the very 
much smaller distance corresponding to g (6P) so that g, must be 
proportionately larger. It is the product that is measured and there 
is nothing in the experiment to distinguish the two viewpoints. The 
values listed in the table are subject to a large experimental uncer- 
tainty for the effect is small except at pressures where the measure- 
ments of N, become inaccurate. 


4. CONCLUSIONS 


Recombination in a cesium discharge is in general not a spontaneous 
2-body collision but is influenced by the presence of atoms and other 
electrons. From measurements at sufficiently low pressures one can 
evaluate the probability of spontaneous recombination. For 0.3 
volt electrons recombining into 2*P the collision area is 1.7 < 107" 
cm.? The effect of pressure is to increase greatly the probability of 
radiation. The effect of electron concentration is to quench the 
radiation. The interaction radii for the induced radiation resulting 
from atomic collisions and for the quenching by electron collisions are 
both of the same magnitude, 10~’ cm, when expressed in terms of 
finding three bodies in a volume of radius r. 

I am indebted to Dr. C. Boeckner for helpful suggestions concern- 
ing the interpretation of these results. 


WasHIneGToN, March 29, 1933. 
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THE VISCOSITY OF SULPHURIC-ACID SOLUTIONS USED 
FOR BATTERY ELECTROLYTES 


By G. W. Vinal and D. N. Craig 


ABSTRACT 





The viscosity of sulphuric-acid solutions used for the elecrolyte in lead-acid 
storage batteries is a factor affecting the diffusion of the electrolyte through the 
porous material of the plates and separators. The decreased capacity of batteries 
at low temperatures is attributable in part to increase in viscosity of the electro- 
lyte. Storage batteries are commonly used under widely different conditions of 
temperature, but data for the viscosity of the electrolyte at temperatuers below 
0° C. have not been previously available. The viscosity of sulphuric-acid solu- 
tions containing 10 to 50 per cent acid has now been measured over a temperature 
range from +30° C. to — 50° C., the measurements for some solutions being limited, 
however, by their freezing points. Below 0° C. the viscosity of the solutions 
increases rapidly as the temperature is diminished. 
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I. INTRODUCTION 


Storage batteries of the lead-acid type are now used under such 
widely differing conditions of temperature and rate of discharge that 
an extension of our knowledge of the basic properties of sulphuric- 
acid solutions which are employed for the electrolyte is desirable. 
Resistivity and viscosity of the solutions are two of the more impor- 
tant properties of the electrolyte which affect the performance of 
batteries. The useful voltage of a battery is decreased as the resistiv- 
ity of the electrolyte increases. The viscosity affects the rate of 
diffusion of the electrolyte through the porous material of the plates 
and separators. Increase in viscosity results in decreased capacity of 
abattery. Both resistivity and viscosity are, therefore, factors deter- 
mining the amount of electrical energy which a battery can deliver 
under specified conditions of temperature and rate of discharge. As 
a part of a comprehensive investigation of the properties and behavior 
of battery electrolytes and separators the viscosity of sulphuric-acid 
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solutions from 10 to 50 percent H,SO, have been measured. The 
viscosity measurements have been made over a temperature range 
from +30°C. to —50°C. insofar as the temperatures were above the 
freezing points of the solutions. In the present paper the results of 
these viscosity measurements are given, and in a later paper we expect 
to give the results of our work on the resistance of battery separators 
and the resistivity of sulphuric-acid solutions. 

Although several authors have published values for the viscosity 
of sulphuric-acid solutions at ordinary temperatures and above, data 
are not available in the literature for temperatures below 0° C. W ag- 
ner ' measured the viscosity of dilute solutions, 1.0035 to 1 2003 
specific gravity, at temperatures of 15° to 45°C. Dunstan and 
Wilson ? measured the viscosity of a large number of solutions ranging 
from dilute to concentrated acid at 25° C. 

Rhodes and Barbour® also measured the viscosity of a large number 
of solutions ranging from dilute to concentrated acid. Their measure- 
ments were made at 0°, 25°, 50°, and 75° C. Their paper is the only 
one, which we have found, giving viscosities at temperatures as low 
as 0° C. In the same year ‘Bingham and Stone ‘ published the results 
of their measurements on solutions from 11 to 97 percent acid at 10°, 
20°, and 40° C. 

Grunert ° measured the viscosity of sulphuric-acid solutions from 
0.4344 to 3.475 molar at temperatures of 20°, 40°, 60°, and 80° C. 

In a later section of this paper the values reported by the above 
authors are compared with the present determinations. Such a com- 
parison, however, is necessarily limited to few values since our work 
extended to low temperatures while previous work was mostly con- 
fined to measurements at higher temperatures. 


II. THE APPARATUS 
1. DESCRIPTION OF APPARATUS 


The viscosity measurements were made by timing the discharge of a 
fixed volume of solution through the capillary tube of a viscometer 
made of Pyrex glass. The ratio of the length of the capillary to its 
diameter was approximately 100. A diagram of the apparatus which 
was employed is shown in figure 1. The liquid was drawn up in the 
viscometer above index A and then released. The passage of the 
miniscus from A to B was timed. 

The viscometer and the tube surrounding it, containing one of the 
sulphuric-acid solutions, or a liquid used for calibrating the instru- 
ment, were placed in a temperature-controlled bath in a Dewar 
flask of clear glass. This was provided with a stirrer. For measure- 
ments at 20° C. and above, the temperature was regulated and held 
constant by the addition of small portions of warm or cold water to the 
water in the Dewar flask. At temperatures below 20° C. the water in 
the Dewar flask was replaced by alcohol and the temperature was 
adjusted and held constant during each experiment by adding small 
portions of solid carbon dioxide. 





1 Ann.dPhys., vol. 254, p. 259, 1883, and Zeit. Phys.Chem., vol. 5, p. 31, 1890. 

?J.Chem.Soc., vol. 91, p. 83, 1907. An important correction to all of their results was published in Proc. 
Chem. Soc., vol. 30, p. 104, 1914 

3 Ind. and Eng. Chem., vol. 15, p. 850, 1923. 

4J.Phys.Chem., vol. 27, p. 701, 1923. 

s Zeit. Anorg.Chem., vol. 145, p. 394, 1925. 
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Reference lines etched on the viscometer and on the tube sur- 
rounding it served to fix the position of the viscometer relative to the 
tube. ‘The level of liquid in the tube was adjusted for each experi- 
ment to an etched line on the tube (C in the diagram) before drawing 
the liquid up into the viscometer. Slight adjustments in level of the 
liquid were accomplished by raising or lowering the thermometer to 
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Figure 1.—Viscometer and temperature-controlled bath. 


compensate for the expansion or contraction of the liquid as the tem- 
perature was changed. The same head of the liquid was thereby 
obtained at the beginning of each discharge. The viscometer was 
provided with two bulbs, the lower bulb always being immersed in the 
liquid. ‘This aided materially in equalizing temperatures before the 
liquid passed through the capillary tube. 


173145—33——6 
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The temperature was read on a thermometer which was placed 
directly in the solutions to be measured and adjacent to the capillary 
of the viscometer. The thermometer employed for temperatures 
above — 1° C. was a mercury-in-glass type graduated in tenth degrees, 
and estimations were made to 0.01° C. Below —1° C. and above 
—20° C. a mercury-in-glass thermometer was also used. This was 
graduated in degrees, estimations being made to 0.1°C. Below —20° 
C. a toluene-in-glass thermometer was used. ‘This was also graduated 
in degrees and estimations were made to 0.1° C. All of these ther- 
mometers had been calibrated previously and corrections were applied 
to the readings. As a further check of the readings of the toluene 
thermometer, the viscometer was replaced by a platinum resistance 
thermometer and it was found that the conditions of the experiment 
afforded sufficient opportunity for drainage in the toluene thermom- 
eter. 

The temperature of the solutions was observed frequently during 
each measurement and the average temperature calculated. Some 
determinations were made so quickly that the temperature was 
observed only at the beginning and end of the discharge. In deter- 
minations of longer duration, the temperature was observed 6 or 


8 times. 
2. CALIBRATION OF THE VISCOMETER 


The viscometer was calibrated by measuring the time of discharge of 
liquids of known viscosity. These included distilled water, sucrose 
solutions, ethyl-alcohol solutions, and two standardized oils. The 
sucrose solutions were prepared by weight from standard samples of 
sucrose. One solution containing 20 percent and two other solutions 
containing 40 percent of sucrose were employed. Four solutions of 
ethyl alcohol and water were used. These contained 39.2, 46.4, 49.7, 
and 50.5 percent alcohol by weight. 

The time of discharge for each liquid, except the oils, was measured 
at several temperatures, six determinations being made at each 
temperature. The oils were measured only at 25° C., since the vis- 
cosity of these samples had been certified at this temperature. 

The values of viscosity, », for water, sucrose solutions, and alcohol 
solutions were taken from the International Critical Tables® except 
that a correction to the value for 40 percent sucrose solution at 10° C. 
was necessary.’ 


In computing the kinematic viscosities, . for the purpose of cali- 


brating the viscometer, the densities, p, of water and the solutions 
employed have been taken from the International Critical Tables and 
from Bureau of Standards Technologic Paper No. 100. The densities 
of the oils were determined experimentally at 25° C. 

The constants of the viscometer, A and B, were evaluated graphi- 
cally * by plotting the computed ratios of kinematic viscosities to time 


of discharge ( “ ) of the calibrating liquids as ordinates against p 
(¢ =measured time of discharge in seconds). The results of the calibra- 
tion measurements are shown in figure 2. The value of A (the inter- 





6 Vol. 5, pp. 10, 22, and 23. 
7J. Rheology, vol. 3, p. 500, 1932. 
* Higgins, Collected Researches, National Physical Laboratory, vol. 11, p. 12, 1914. 
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cept of the straight line on the y-axis) and the value of B (the slope of 
the straight line) were found to be 0.02365 and 2.333, respectively. 
Calibration of the viscometer was necessarily extended over a wide 
range because of the large variation in viscosity of sulphuric-acid 
solutions from +30° to —50° C. The calibration curve, however, 
shows no evidence of turbulent flow within the range for which this 
viscometer was actually used. 

With the exception of the alcohol solutions, the maximum deviation 


of any value of a from the calibration line as drawn (fig. 2) is less than 


1 percent and 15 out of 16 points for sucrose solutions, water and the 
oils are within one half of 1 percent of corresponding points on the 
line. The values obtained with alcohol solutions are, with one 
exception, above the line. Six out of ten of the alcohol points lie 
within 1 percent of the line, but these determinations have been given 
less weight in drawing the line, because values for the viscosity of 
alcohol solutions appear to be known less accurately than the others. 


CALIBRATION CURVE 
COHOL SOLUTIONS 


4 SUCROSE SOLUTIONS 
aWATER 
x CERTIFIED OILS 


2.0003 2.0004 
Vi REL 


Figure 2.—Calibration curve of the viscometer 


III. EXPERIMENTAL RESULTS 


The time of discharge of a specified volume of solution under test 
having been measured at.a temperature 7°, the kinematic viscosity 
was calculated from the equation 


(Sena? 
P/T t 


in which (4) is the kinematic viscosity, ¢ the time of flow in seconds 


and A and B are constants for the instrument which was used. The 
values of A and B were determined by the method described in a 
previous section. Eight different solutions of sulphuric acid ranging 
in composition from 10.1 to 49.1 percent by weight of H,SO, were 
measured at temperatures between —50° and +25° C. (—58° and 
+77° F.). These solutions were prepared from “Cp” acid and 
distilled water. They did not contain lead sulphate which is normally 
present in small amounts in battery electrolytes. 

The composition of these solutions, expressed as percent H,SQ,. 
was determined by titrating two weighed portions of each solution, 
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The percentages so obtained were 10.13, 14.68, 21.41, 28.13, 33.89, 
40.17, 45.45, and 49.1. As a check on these determinations the 
5! | 
specific gravity at ee of each solution was measured by calibrated 
hydrometers which could be read to 0.0005. The densities at 25° (, 
were then calculated and converted to percentages by using data in 


the International Critical Tables. The average difference between 
the measurements by titration and specific gravity was less than 0.1 
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Ficure 3.—Plot of the experimental determinatious. 


percent. The results given in this paper are based upon the values 
determined by titration. 

The experimental results are shown in figure 3. In plotting these 
curves we have followed a suggestion, made by C. S. Cragoe, of this 
Bureau, that the reciprocal of log (20 x kinematic viscosity in centi- 
stokes) be plotted against temperature. Mr. Cragoe had found 
previously in the case of oils that an approximately linear relationship 
exists between this function and the temperature. The present work 
indicates that a similar relationship may exist for electrolytes. 

The individual points shown in figure 3 are, for the most part, av- 
erage results of 6 or 8 independent determinations. Some exper'- 
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ments were repeated at slightly different temperatures. These are 
shown in this figure by closely adjacent points. 

Since the experimental results could be plotted as nearly straight 
lines on a large scale, interpolation and extrapolation (over a few 
degrees) could be made easily and accurately. The values of the 
function 

1 
log (20 x kinematic viscosity) 
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Figure 4.—Kinematic viscosity of sulphuric-acid solutions. 


were read for each 10° of temperature and these values replotted as 
isothermal lines having percent composition of the solutions as the 
abscissas (fig. 4). The scale,of kinematic viscosity, expressed in 
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centistokes at the left of the diagram, has been calculated to correspond 
with the scale at the right. The figure shows two branches of the 
freezing point curve which limit the isothermals at the lower tempera- 
tures. Values for water taken from the International Critical Tables 
are plotted at 0 percent in this figure. 

In order to compute the viscosity of these solutions from the kine- 
matic viscosity it is necessary to know the density of each solution at 
each temperature. We have employed existing data as given in the 
International Critical Tables for temperatures above 0° C. as a basis 
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Figure 5.—Absolute viscosity of sulphuric-acid solutions. 


for computing densities required at the various concentrations and 
temperatures. Below 0° C. no such data appears to be available. 
Since the variation of density with temperature is linear above 
0° C., we have calculated the densities below 0° C. by extrapolation. 
In order to check the values below 0° C. we have measured the con- 
traction in volume of one solution as the temperature was decreased 
and found that the linear relation proved to be true. A pycnometer 
of Pyrex glass with graduated stem was used for this purpose. On the 
basis of the density of this solution at 0° C., as given by the Interna- 
tional Critical Tables and the observed contraction in volume, the 
density of this solution at — 50° C. was calculated to be 1.3550 and the 
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extrapolated value was 1.3548. The difference between these values 
is negligible in calculating the absolute viscosities. 

The viscosity expressed in centipoises is given in figure 5. To this 
figure has been added a scale of specific gravities at 25° C. correspond- 
ing to the scale of percentages, in order to indicate more clearly the 
range of solutions which are customarily used in storage batteries. 

Table 1 gives the numerical values for the kinematic viscosity, the 
absolute viscosity, and the fluidity (reciprocal of absolute viscosity) 
for sulphuric-acid solutions. In this table the viscosities are given to 
four significant figures for values less than 2.500, which are above 
0° C. The remainder of the table is uniformly given to three signifi- 
cant figures. 


TABLE 1.—Viscosity and fluidity of solutions of sulphuric acid 





Kine- Kine- 
Tempera-| Percent : Absolute Tempera- | Percent : Absolute sa: 
ture (°C.)| HaSO«4 onal viscosity Fluidity ture (° C.) | H»SO, vier viscosity Fluidity 





Centi- Centi- Centi- Centi- 
stokes poises stokes poises 
0. 919 0. 976 2.01 2. 16 
. 992 1, 088 2.41 
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In dealing with storage batteries it is convenient to employ the 
values for fluidity, since the capacity of the battery and the fluidity 
of the solution vary together and inverse relationships are thereby 
avoided. An analysis of the data in table 1 shows that the percentage 
change in fluidity of sulphuric-acid solutions with change in tempera- 
ture is practically the same for a specified temperature interval, irre- 
spective of the concentration of the acid. That is, if some tempera- 
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ture, such as 25° C., be chosen as standard and the fluidity of each 
solution at that temperature called 100 percent, the fluidity of each 
solution at other temperatures will increase or decrease in the same 
proportion. This is shown in table 2. If the fluidity of any sul. 
phuric-acid solution within the range covered by this paper is known 
at 25° C., the approximate fluidity at any other temperature may be 
calculated. The application of this simple relation, which is the same 
for the sulphuric-acid solutions as for water, is probably limited to 
solutions whose so-called ‘‘specific viscosity’’ at various concentra- 
tions is a constant or nearly constant quantity with change in tempera- 
ture. The term specific viscosity is applied to the ratio of the absolute 
viscosity of the solution to the absolute viscosity of water at the same 
temperature. 


TABLE 2.—Percent change in fluidity with temperature 





Water 10 percent 20 percent 30 percent 40 percent 50 percent 
H280,4 SO, H2SO, 20, 280, 








Per- Per- Per- Per- Per- Per- 
cent cent - | cent cent cent cent 
flu- flu- i flu- flu- flu- 

idity idity idity idity idity 


flu- 
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IV. DISCUSSION OF THE RESULTS 
1. ACCURACY OF THE MEASUREMENTS 


The experimental determinations plotted in figure 3 are mostly 
averages of repeated measurements, in some cases as many as 6 or 8 
repetitions having been made. The average deviation of any point 
from its curve as drawn in figure 3 does not exceed 0.4 percent above 
—1°C., or 0.5 percent below —1°C. The number of points exceed- 
ing a deviation of 1 percent from the curve is 4 for the temperatures 
above —1°C. and 6 below this temperature out of a total of 70 points. 
The drawing of curves for figure 4 from which the values given in 
table 1 have been calculated has reduced deviations to a smaller 
percentage. 

The measurements are subject to systematic errors from several 
sources. We have endeavored to avoid systematic errors in calibrat- 
ing the instrument by using a variety of solutions and oils for which 
the viscosity is known. Since the time of discharge of the oils at 25° C. 
was equal to the longer periods required at the lowest temperatures for 
the sulphuric-acid solutions, drainage errors at the low temperatures are 
believed to be negligible. Referring to figure 2, it seems probable 
that any systematic errors in the constants of the instrument do not 
exceed 0.5 percent. The error caused by change in dimensions of the 
glass was calculated to be negligible. 





he ERR AE NPOOREAGLOEAS DL I Rp AARP aes. i tal mits " 


poof Viscosity of Sulphuric Acid 791 

Systematic errors in determining the composition of the solution 
have been avoided as far as possible by checking the results of titra- 
tions by measurements of specific gravity. The final results given 
in this paper are based on the titrations alone, but the difference 
between the two methods of standardizing the solutions would not 
change the viscosities by as much as 0.3 percent. 

Accidental errors in measuring the temperature of the solutions 
were minimized by repetitions of the discharges. At temperatures 
above —1° C. the error in temperature of a single determination did 
not exceed 0.05°. This would correspond to 0.1 percent error in the 
viscosity at 25°C. Below —1°C. the viscosity increases rapidly with 
decreasing temperatures. At these temperatures the thermometer 
readings were estimated to tenth degrees and the average of 6 or 8 
determinations were probably correct to 0.2° which corresponds to 2 
percent of the viscosity at —40° C. The errors arising from the 
temperature measurements are therefore somewhat variable with the 
temperature, but are estimated to be 0.1 percent at 25° C., 0.3 per- 
cent at 0° C., and 2.0 percent at — 40° C. 

The errors in timing the discharges were minimized also by repe- 
titions of the experiment. For a few of the fastest discharges the 
error in timing may have amounted to 0.5 percent. For most of the 
determinations, however, the error in timing probably did not exceed 
0.2 percent and at the low temperatures 0.1 percent. 

The last of the accidental sources of error to be mentioned is the 
udjustment of the head of the-solution. The head was 10 cm so 
that an error of 0.5 mm would correspond to 0.5 percent in the 
viscosity measurement. The actual error from this source in the 
final results was probably not more than 0.2 percent. 

In view of the estimated magnitude of the possible errors given 
above, it is believed that the values above —1° C. are not in error 
by more than 1 percent. The values below —1° C. vary somewhat 
in accuracy according to the temperature, the uncertainty being from 
1 to3 percent. These statements are based, however, on the assump- 
tion that the viscosities for the liquids used in calibrating the viscom- 
eter, as given in the International Critical Tables, are svfficiently 
accurate for the purpose. 


2. COMPARISONS WITH PREVIOUS DETERMINATIONS 


Comparisons have been made with the results obtained by others 
who have been mentioned in the introductory paragraphs. Since 
these earlier results cannot be calculated readily to the same percent- 
ages and temperatures, the comparison has been made graphically in 
figure 6. The curves have been drawn through the points plotted 
for the present results as givenin table 1. The results of other workers 
have been plotted by distinctive characters. Excellent agreement 
between the results of Grunert, Wagner, Bingham, and Stone (except 
near 12 percent) and the results of the present investigation has been 
found. In figure 6 we have plotted also the values for sulphuric-acid 
solutions selected for the International Critical Tables.° 


* Vol. 5, p. 12. 
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V. SUMMARY 


Measurements of the viscosity of sulphuric-acid solutions contain. 
ing 10 to 50 percent acid have been made over a temperature range 
from +30° to —50° C., except as the measurements were limited 
by freezing points. 
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FiaurE 6.—Comparison of values for the viscosity of sulphuric-acid solutions. 


The viscosity of these solutions at 0° C. is about 2.2 times as great 
as at +30° C., but at — 50° C. the viscosity is 28 times as great. 

Fluidities of the solutions have been calculated, since these are 
more simply related to changes in storage-battery capacity than the 
absolute viscosity. 

The percentage change in fluidity of these solutions with temper- 
ature is very nearly the same irrespective of the percentage of acid 
contained in the solution. 
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COMPOSITION OF GRIDS FOR POSITIVE PLATES OF 
STORAGE BATTERIES AS A FACTOR INFLUENCING 
THE SULPHATION OF NEGATIVE PLATES 


By G. W. Vinal, D. N. Craig, and C. L. Snyder 


ABSTRACT 


The conditions under which antimony, a constituent of battery grids, may 
produce detrimental effects in the operation of storage batteries have generally 
been regarded as exceptional. Recent experiments at the Bureau and elsewhere 
have shown, however, that the corrosion of the grids of positive plates, under 
normal operating conditions, may liberate antimony from the alloy in sufficient 
amounts to affect the operation and life of the negative plates. Two series of 
cells were prepared and operated in the laboratory to study the effect of varying 
the composition of the grids for positive plates. The first series included all cells 
having lead-antimony grids and the second included cells having positive grids 
containing various percentages of cadmium. Data on the capacity of these 
cells during 115 cycles are given, together with measurements of plate potentials, 
rate of sulphation, and the chemical analysis of the active material of negative 


plates for antimony. 
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I. INTRODUCTION 


Antimony, when present in the active material of negative plates of 
storage batteries, is a cause of local action which results in the for- 
mation of lead sulphate and the liberation of hydrogen. Jumau' 
mentioned antimony as a cause of excessive sulphation of negative 
plates in a paper published in 1898 and 2 years later Strasser and 
Gahl* showed that hydrogen is liberated more easily on antimony 
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' Ecl. Electr., vol. 16, p. 133, 1898. 
? Zs. Elektrochemie, vol. 7, p. 11, 1900. 
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than on lead. The rapid local action which is produced when freshly 
charged negative plates are immersed in electrolyte containing 4 
little as 0.001 percent of antimony sulphate was measured quanti. 
tatively by Vinal and Schramm.® 

Lead alloyed with antimony has been used for making the grids of 
pasted plates since Sellon‘ patented a grid of such material fo 
storage batteries more than 50 years ago. His invention proved to he 
an important step in the development of storage batteries, since this 
alloy has good casting qualities and is stronger and less subject to 
corrosion than pure lead. Because of these and. other desirable 
qualities, lead-antimony alloys have been used almost exclusively for 
making grids. 

The antimony in the grid metal is not a source of serious local 
action at the negative plates, provided the antimony remains in the 
grids and is not deposited on the active material. Any antimony in 
the electrolyte, whether it comes from the grids or is present as an 
impurity from some other source, has been found to deposit on the 
active material of the negative plates. Analyses of electrolyte from 
batteries which have been in service seldom reveal appreciable amount 
of antimony, but analyses of the active material of the negative plates 
have shown one half percent or more of antimony in the surface 
layers. Jumau® found 40 percent of the antimony to have been 
deposited within 0.1 mm from the surface of the plate and 99 percent 
of the total in a layer of active material 1 mm deep. More recently 
Barrett,° who used the X-ray spectrograph to study the crystalline 
structure of lead sulphate, reported finding numerous lines from anti- 
mony and other unidentified crystals in the active material of dis- 
carded battery plates. 

Conditions under which antimony may produce detrimental effects 
have generally been regarded as exceptional, but recent experiments 
by Crennell and Milligan ’? and by Schubert ® as well as tests made at 
the Bureau of Standards have demonstrated that corrosion of the grid 
structure of positive plates, even in normal operation, may supply 
antimony to the negative plates in sufficient amounts to affect 
seriously their performance. During each period of charge, antimony 
from the positive grids is deposited in minute amounts upon the 
negative plates. It accumulates there and increases the rate of 
sulphation of these plates. 

Crennell and Milligan have stated that there is no relation between 
the amount of antimony which is present in the active material and 
the rate of sulphation produced, because successive charges and 
discharges of the battery cover the antimony with lead or lead sulphate 
and thereby decrease its effect. Freshly deposited antimony is, 
however, very active, as the results of Vinal and Schramm have shown. 
This is to be expected because the overvoltage for hydrogen discharge 
on antimony my fr than on lead by 0.11 volt * or more.” 

Other alloys of lead have been proposed at various times and some 
of these have been used in storage batteries to a limited extent. The 





3 J.Am.Inst.Elec.Eng., vol. 44, p. 128, 1925. 

‘ British patent 3987 of 1881, French patent 147831 of 1882. 

5 Les accumulateurs Electriques, p. 350, 1907. 

8 J. Ind. & Eng. Chem., vol. 25, p. 298, 1933. 

’ Trans. Faraday Soc., vol. 27, p. 103, 1931. 

8 Paper read before National Battery Manufacturers Association Apr. 24, 1931. 
* See footnote 7. 

10 See footnote 2, p. 795. 
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James" form of storage battery made use of an alloy containing 1 
percent cadmium for the positive grids and 2 percent antimony for 
the negative grids. The Knowles * battery employed an alloy of 82 
percent lead, 16 percent tin, 1.9 percent antimony, and 0.1 percent 
arsenic. The Worms ” battery, 1892, used an alloy of 96.5 percent 
lead, 2.2 percent antimony, and 1.3 percent mercury. Grids for 
Julien 2 plates were made of 92 percent lead, 4.5 percent mercury, 
and 3.5 percent antimony. More recently patents have been issued 
for other compositions. An alloy of lead and barium was patented * 
in Germany in 1917. In 1923 Heil patented “ a lead-cadmium alloy 
containing 2% percent cadmium. Hagen ™ also patented a lead- 
cadmium alloy. LaRoche * patented an alloy of lead, nickel, silver, 
and cadmium, and Heil ” patented a composition of lead with 0.5 per 
cent cadmium and 1 percent mercury. Gardner ® patented a com- 
position of lead and molybdenum and Kawakami * patented a com- 
position of lead, antimony, and mercury. Alloys of lead and bismuth 
have been tried at the Bureau of Standards and by Schubert.” 

Few data are available about the performance of grids made from 
these alloys. Obviously there is little to tempt the manufacturer to 
' change from the established alloys of lead and antimony except as 
) some other composition may be shown to be definitely superior. 
' It is not the purpose of this paper to advance claims for unusual 

compositions or new alloys, but rather to report the results of tests 
' which have been made, showing the limitations imposed on the 
negative plates by antimony coming from the positive grids. Corro- 
sion of the positive grids occurs slowly in the normal operation of a 
battery, and the service of the battery may extend over a long period 
of years. The Bureau has been called upon, however, to examine 
batteries in which more severe corrosion of the grid structure of the 
positive plates has caused the failure not only of these but the failure 
of the negative plates as well by excessive sulphation. 

The experiments reported in this paper deal with batteries contain- 
ing positive plates having grids made of lead-antimony alloys of 
varying composition and other batteries containing positive plates 
having grids of lead-cadmium alloys. The capacity of the individual 
cells was measured during 115 cycles of charge and discharge following 
which tests for the retention of charge were made. The rate of 
sulphation of the negative plates was determined by a method which 
has been described * previously. Significant changes in the charging 
potential of the negative plates were observed during the course of 
the work and these are compared with measurements on experimental 
cells to which portions of antimony were added. Analytical deter- 
minations of the amount of antimony present in the negative active 
material were made at the conclusion of the work. 


| Electrician, vol 26, p. 751, 1891. 
2? The Storage Battery, by Treadwell, p. 51. 
'8 German patent, 301380 of 1917. 
‘4 German patent, 385651 of 1923. 
'S German patent, 482061 of 1928. 
‘© British patent, 119100 of 1918. 
'’ British patent, 209749 of 1924. 
'S U.S. Patent, 938312 of 1909. 
"U.S. Patent 1575167 of 1926. 

* See footnote 8, p. 796. 

1 B.S.Tech. Paper no, 225, 1922. 
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II. PREPARATION OF THE EXPERIMENTAL PLATES 
1. GRIDS 


Grids of various alloy compositions were used in making the positive 
plates. Since most of the desired compositions were not available 
commercially, it was necessary to prepare these alloys and cast the 
grids in the laboratory. A few commercial grids were included in 
the experiments for comparison with the laboratory product. || 
of the grids were 5% inches wide, 4% inches high, and % inch thick, 
The grids cast in the laboratory differed in design from the commercia| 
grids in having 27 horizontal crossbars (exclusive of the frame), 
while the commercial grids had 36 horizontal crossbars. This differ- 
ence may explain some of the variations in performance of the cells 
as will appear in later paragraphs. 

Grids for negative plates were all commercial grids of the same 
composition, since no question of the corrosion of these grids is 
involved. . 

The results of the work have been divided into two series of experi- FF 
ments. The first, called the antimony series, includes measurements 
on cells for which the positive grids were of lead alloyed with antimony 
in amounts ranging from 0 to 12 percent of antimony. The second 
series, called the cadmium series, includes results on all cells whose 
positive grids contained cadmium. The percentages of cadmium 
varied from 0.25 to 2 percent and several of these alloys also contained 
small percentages of antimony, since the casting qualities of the lead- 
cadmium alloys appeared to be improved by the addition of the 
antimony. The compositions of the various alloys is shown in tables 
land7. The materials used were refined grades of lead and antimony. 
The cadmium was part of the supply used for making standard cells. 


2. PASTING THE PLATES 


The grids were pasted in the laboratory, using nearly identical 
formulas for both positive and negative plates. This was done in 
order to avoid unnecessary variations in the materials employed. 
For the positives, litharge, having properties described below, was 
mixed with sulphuric acid, 1.100 specific gravity, in the proportion of 
100 ml of solution per kilogram of oxide, and to the mix a small 
quantity of water was added to control the consistency of the paste. 
The same formula was employed for the negative plates with the 
addition of three eighths percent of lampblack. Mixing was done in 
a lead-lined mixing machine. 

The properties of the oxide, determined by methods previously 
described,” were as follows: 

Apparent density (Scott volumeter decane 

True density Juvcauuun «she aed academe 2 OF 
Red lead content percent _-_ 

Acid absorption 


Fineness: 
Cone 1 (Thompson classifier) 





#2 Vinal, Storage Batteries, 2d ed., pp. 20-21. 
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Ficure 1.—Life-test rack for the automatic control of charging and discharging 
storage batteries. 
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After pasting, the plates were pickled for 20 hours in sulphuric 
acid having an initial specific gravity of 1.150 at 25° C. 


3. FORMATION OF THE PLATES 


Because of the various compositions of the grid metal, it was not 
advisable to form all the plates together. The plates were assembled, 
therefore, into groups according to the kind of grids. Separators of 
Port Orford cedar were ihserted and the elements placed in individual 
jars. Each cell contained 5 positive plates and 6 negative plates. 

Formation proceeded nearly uniformly in all cells, and no signifi- 
cant differences in the potentials of the positive plates were observed 
as a result of the differences in composition of the grids in these plates. 
At the conclusion of formation the cadmium readings on the positive 
plates were all within 0.01 volt of the value 2.45 volts, the current at 
this time being 2.1 amperes. Cadmium potentials of negative plates 
ranged from —0.13 to —0.09 volts. The more negative readings 
were obtained for plates in the cells whose positive grids contained the 
least amount of antimony. 


III. APPARATUS FOR CHARGING AND DISCHARGING THE 
CELLS 


The cells were charged and discharged automatically during 115 
cycles except as the automatic control was omitted at intervals in 
order to determine the capacity of the individual cells to a final volt- 
age of 1.75 volts per cell at the 5-hour rate. 

The automatic control for making life tests of storage batteries has 
been in operation at the Bureau since 1930. This equipment, part of 
which is shown in figure 1, has not been described previously. 

The essential parts of the equipment are: 

1. Time-controlled programs of charge and discharge.—The clocks 
employed for these tests are the same as for the automatic testing of 
dry cells.% An additional program machine was provided for. the 
storage-battery tests and the following schedule adopted: 

4 p.m. charging begins. 

7 a.m. charging ends. 
10 a.m. discharging begins. 
3 p.m. discharging ends. 

When the program machine made contact at the time for charging 
to begin a latching relay was closed and this in turn closed the switch 
of the charging circuit and held it closed for a period of 15 hours when 
a second contact on the program machine unlatched the relay and 
terminated the charge. The discharge circuit for the batteries was 
operated as a separate circuit in a similar manner. 

2. Regulation of the current during charge and discharge.—The 
current was adjusted initially to the proper value by inclosed carbon 
rheostats, one being provided for the charging circuit and a separate 
theostat for the discharging circuit. The current for discharge was 
held constant automatically by the use of ballast resistance tubes 
consisting of iron filaments in an atmosphere of hydrogen. The par- 
ticular tubes were rated for 6% amperes so that two in parallel main- 


*% Commercial Standards Monthly, vol. 7, p. 37, 1930. 
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tained a current of 13 amperes, which is about the 5-hour rate for 
these batteries. The essential characteristic of these ballast tubes js 
their ability to maintain a constant current, although the voltage at 
the terminals of the tubes may vary from 10 to 30 volts. This allowed 
for variations in the voltage of the batteries during discharge, and no 
manual regulation was required. The current was held constant to 
within about 1 percent. Similar arrangements were available for 
charging the batteries, but the ballast tubes were not always used in 
the charging circuit because the cells could be charged satisfactorily 
without them. 

3. Recording meters.—The electrical input and the output of the 
batteries were measured by ampere-hour meters mounted on the 
panels of each test rack. These can be seen in figure 1 to the right 
and left of the recording ampere-hour meter which is in the center of 
the panel. When measured discharges were made the current was 
indicated by an ammeter. The voltages of the individual cells were 
recorded and in addition the potentials of the positive and negative 
plates were measured with the cadmium electrode. The algebraic 
difference of the cadmium potentials of the positive and negative 
plates agreed with the measured cell voltage to within 0.01 volt in 
nearly all determinations. However, the presence of cadmium in the 
electrolyte of some of the cells as a result of corrosion of grids con- 
taining cadmium makes the readings with the cadmium electrode on 
such cells of doubtful value. We have given in this paper the cad- 
mium potentials of the negative plates for the antimony series of 
experiments only. 


IV. ANTIMONY SERIES OF EXPERIMENTS 
1. CAPACITY DETERMINATIONS 


The cells were connected in series and their capacities, voltages, and 
plate potentials were observed during 115 cycles of charge and dis- 
charge. Table 1 gives the results of measurements for 6 cycles at 
intervals during the course of the work, together with the composition 
of the grids of the positive plates in each cell. The capacity of each 
cell increased slowly. Cells A, B, and C, which contained grids 
having the least antimony, were not in as good condition as the others 
when the plates were examined at the end of the hundredth cycle. 
The pure-lead grids of the positive plates, cell A, were badly corroded 
and expanded and a short circuit was removed. Cell B was in about 
the same condition. Cell C had positive plates that were definitely 
better than in cells A and B, but one grid was cracked. All the other 
cells were in satisfactory condition. 
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TABLE 1.—Capacity during 113 cycles of charge and discharge 


{[Ampere-hours at the 5-hour rate] 





Composition of 
positive grids 
Condition of positive plates 





Anti- 


Lead mony 











Corroded, expanded, and 
cracked. 
Do. 
1 grid cracked. 
Good. 


Do. 


Percent |Percent 
100 0 


70 Do. 
70 5 Do. 
70 Do. 
70 Do. 


SSSF& LRBVBR B 


























| 
ed 
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The table shows that the three cells, T, U, and V, which contained 
the commerciai grids exceeded most of the others in capacity. This 
may have been the result of slightly greater amount of active material 
in these plates compared with the others. The general conclusion to 
be drawn from the results in table 1 is that no large differences in 
capacity resulted from variations in the antimony content of the 
positive grids. 


2. LOSS OF CAPACITY ON OPEN CIRCUIT 


Following the capacity measurements the cells were tested for loss 
of charge during 114 days. They remained on open circuit for 
this period at room temperature. The results are given in table 2. 
Cell B failed_ completely. The other cells, from A to F, showed 
increasing loss of charge as the percentage of antimony in the positive 
grids was increased. The capacity of the cells, however, was limited 
by the negative plates (except for cell A whose positives were badly 
corroded and expanded). The cells T, U, and V, containing the com- 
mercial grids, suffered a greater loss of charge than the others. It 
will be shown in table 5 that more antimony had been deposited on 
the negative plates of these cells. 


TABLE 2.—Retention of charge during standing test of 114 days 





Composition of 
positive grids Loss of 

charge 

during Remarks 
Anti- | 114 days 

mony 





Lead 





Percent | Percent | Percent 
100 0 46 | Positives limited capacity. 
97 ——— limited capacity. 
0. 
91 Positives and negatives equal. 
ere limited capacity. 
0. 


Do. 
Do. 
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3. CHANGES IN PLATE POTENTIALS 


In table 3 the charging voltages and cadmium potentials of the 
negative plates are given. With few exceptions, the cell voltage was 
found to be lower and the negative plates less polarized in cells having 
the larger amounts of antimony in the positive grids. The high value 
of voltage for cell A (in which no antimony was present in the positive 
grids) is attributable to the high polarization of the negative plates. 
This is in marked contrast to cell F. The cadmium potential measure- 
ments on the positive plates of these two cells were the same within 
0.01 volt. The results in table 3 show a decrease in the polarization 
of negatives for all cells having positive plates containing antimony, 


TABLE 3.—Changes in potential of the plates during 116 cycles 


[Values in volts at end of charging periods] 





Composition of 


positive grid Cycle 1 Cycle 23 Cycle 50 Cycle 115 








Anti- Nega- Nega- Nega- Nega- 


tive tive tive 
mony Cd } 





Percent | Percent 
1 0 
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As a further test of the effect of antimony on the polarization of 
the negative plates, four negative plates were placed in separate 
containers with pure-lead positives and subjected to a prolonged 
charge (table 4). Two of the negative plates had been in active 
service 2 years; the others were previously unused. Cadmium read- 
ings on the positive plates all show a remarkable uniformity, but 
quite the contrary is true for the negative plates. Plates which had 
been in service previously did not reverse in potential to the cadmium 
electrode, as was observed in the case of unused plates. 


TABLE 4.—Effect of antimony on charging voltages and cadmium potentials 


[Specific gravity of electrolyte 1.190 at 25° C.] 


[Negative plates of same make and type charged against pure-lead positives] 





Positive | Negative 
Condition of cell Voltage cadmium) cadmium 


of cell potentials|potentials 
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After steady readings had been obtained, four portions of antimony 
were added to one of the cells (no. 4), and a decrease in polarization 
of the negative plates in this cell was observed while the charging 
current was maintained at its previous value. The antimony was 
added in the following manner: 100 ml of electrolyte was withdrawn 
from the cell, which contained a total of 700 ml of electrolyte. The 
portion withdrawn was saturated with antimony sulphate, Sb2(SO,)s, 
filtered and returned to the cell. The three remaining portions were 
added, similarly, at intervals of one half hour, except that 50-ml por- 
tions were employed. The total amount of antimony added was 
small. Determination of the antimony, Sb, in solutions similarly 
treated indicated that the total amount added to the cell was probably 
less than \% g. 

The cell voltage and cadmium potentials of plates in the cell to 
which antimony was added were unchanged on the following day. 
This was true also of the other cells to which antimony had not been 
added. 


4. DETERMINATION OF ANTIMONY IN THE PLATES 


Analytical determinations of antimony in the surface layers of 
active material of the negative plates were made after the completion 
of the sulphation tests ae in the next section. It is desirable, 
however, to present the analytical determinations before giving the 
results of the sulphation measurements. 

After removing the negative plates from their respective solutions 
in the sulphation apparatus they were allowed to dry without washing. 
Samples of the surface material, which was largely lead sulphate, 


were removed with particular care to avoid including in the sample any 
portion of the grid material. Samples of about the same weight were 
removed from the same surface area of each plate in order that the 
depth of the removed layer should be approximately the same for each 
plate. The weight of each sample is given in table 5. 


TaBLE 5.—Determination of antimony in active material of negative plates after 
115 cycles against positive plates having grids containing various percentages of 
antimony 
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The analytical procedure was as follows: 12 ml of concentrated 
sulphuric acid and about 5 g of potassium sulphate were added to the 
samples which had been placed in 500-ml flasks. Funnels with short 
stems partially closed the flasks. The contents of each flask was 
heated to the boiling point for 20 minutes. To each flask was then 
added 250 ml of water and 20 ml of hydrochloric acid and the solution 
boiled 5 minutes. The contents of each flask was then cooled to 10° 
C. and titrated with a permanganate solution which had an antimony 
titre of 0.00340 g. The volumes of permanganate used in the titra- 
tions were corrected for the “ blank” determinations which required an 
average volume of 0.08 ml. As a check on the antimony determina- 
tions, a number of 0.1 g portions of the Bureau’s standard sample of 
lead-base bearing metal were analyzed and the amounts of antimony 
found in each determination agreed well with the calculated amounts. 

The results in table 5 show that the percentage of antimony found 
in the active material of the negative plates of cells A to F increased 
as the antimony content of the positive grids was increased. The 
commercial grids in cells T, U, and V, however, deposited greater 
amounts of antimony upon the negative plates. The reason for this 
is not altogether apparent, but a possible explanation is the fact that 
these grids had 36 crossbars compared with 27 for the grids in cells 
Ato F. The 36 crossbars were finer in structure than the others, but 
the corrosion of the grids is probably localized at the surface of the 
plates and the mr is of more significance therefore than the 


actual area or amount of the metal. Another possible explanation 
is found in the fact that the outer edges of the crossbars of the com- 
mercial grids were much sharper than the others. A nonuniform 


current distribution between grid and active material would result 
in an increased current density at the outer edges of these grid bars. 
This would accelerate the corrosion of these bars. 

Although table 5 shows clearly that positive grids containing 9 and 
12 percent antimony have deposited appreciably more antimony on 
the negative plates than those containing 3 and 7 percent of antimony, 
there is no exact proportionality between the composition of the 
positive grids and the antimony found in the negative active material 
after 115 cycles of charge and discharge. 


5. RATE OF SULPHATION OF NEGATIVE PLATES 


The “local action” produced at the surface of the plates when 
immersed in solutions of sulphuric acid results in the formation of lead 
sulphate and consequently a gain in weight of the plates. We have 
employed an apparatus, referred to previously, to determine the rate 
of local action when the plates were suspended in solutions of 1.250 
specific gravity and maintained at 25° C. The results corrected for 
buoyancy are given in table 6. 
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TaBLE 6.—Rate of sulphation of negative plates in sulphuric acid solutions of 
1.250 specific gravity at 25° C. 
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The chemical reaction is believed to take place according to the 
equation 


Pb + H,SO,-—>PbSO, + H: 


This reaction might also be measured by determining the volume of 
hydrogen liberated as a result of the reaction. Crennell and Milli- 
gan,* and others have used such a method. Since the overvoltage 
for hydrogen discharge on antimony is less than on lead, this reaction 
will proceed more rapidly when antimony is present in the active 
material of the plate, provided the antimony is not covered by lead 
or lead sulphate and thereby rendered ineffective. 

The results in table 6 show increased rates of sulphation as the 
amount of antimony in the active material increased. An exact 
proportionality between all values does not exist. Grids of similar 
design but varying in percentages of antimony will liberate antimony 
in the electrolyte in proportion to the antimony which they contain, 
provided there is no appreciable difference in the relative rate of 
corrosion. Antimony will deposit on the negative plates in the same 
proportion as the amounts set free in the electrolyte. The freshly 
deposited antimony is therefore proportionately greater on those 
plates operating in the cells with positives of high antimony content, 
and the total amount of antimony in the active material of the 
negative plates is also proportionately greater as was observed in the 
case of cells D, E, and F. In cell C, however, where the grid corro- 
sion exceeded that in D, E, and F the antimony found in the active 
material and the rate of sulphation are both more than proportionately 
greater. It does not follow necessarily that the rate of sulphation is 
proportional to the total amount of antimony present except as the 
freshly deposited antimony is also proportional to the total amount. 

The results in table 6 show that the rate of sulphation for plates 
from cell A (which contained positive grids of pure lead) was very 
small. <A gain in weight of 3 g per plate is equivalent to a discharge 
of 1.68 ampere-hours by local action in 25 days or one fourth the loss 
in Paper U, and V which contained plates with the'ordinary commer- 
cial grids. 

Local action on negative plates has been attributed sometimes 
to certain materials used as expanders. In the present experiments 





** World Power, vol. 17, p. 406, 1932. 
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all of the negative plates were pasted with the same materials and the 
results are comparable. It is evident that local action caused by the 
expander is small compared with that caused by antimony. 


V. CADMIUM SERIES OF EXPERIMENTS 
1. CAPACITY DETERMINATIONS 


The cells containing positive grids consisting of alloys of lead and 
cadmium were made and operated in a similar manner to that de- 
scribed in the preceding antimony series of experiments. The compo- 
sition of the positive grids for these cells is shown in table 7. Most 
of these cells compared favorably in capacity with the cells of the 
antimony series until near the end of the experiment. Examination 
of the plates was made after the hundredth cycle and the condition 
of the positive plates is described in the last column. The positive 
grids were all corroded and expanded, except in cells O, P, and S. 
The negative plates in all cells were in good condition, however. One 
of the most striking features revealed by the examination of the plates 
was the formation of compact and adherent moss on the lower part 
and sides of the elements. This was found in nearly all cells contain- 
ing cadmium. The moss was removed before continuing the test of 
these cells. 


TABLE 7.—Capacity of cells having cadmium in positive grids 





Composition of positive 


Condition of positive 
plates 





Anti- | Cad- 
Lead mony | mium 





Percent | Percent 
100 0 


Corroded, expanded, 
and cracked. 
99 Corroded, expanded, 


Do. 
Better condition, no 
moss. 


0. 
Good condition, some 
moss. 



































The grids containing cadmium did not give as good service as those 
containing antimony in the usual amounts. They were distinctly 
better, however, than grids of lead-bismuth alloys which were tested 
previously. With improved technic for casting the lead-cadmium 
alloys, it is possible that such grids could be improved. Corrosion 
may have been accelerated by slight porosity of the metal. The fact 
that the plates were formed with the separators present in the element 
may have been a factor in causing corrosion. Corrosion of grids has 
been found to be serious when minute amounts of volatile organic 
acids have direct access to the bare metal during charge. Lead sul- 
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phate affords little protection to lead against the attack of such 
acids, but lead dioxide, when formed, is a much more effective covering. 


2. RATE OF SULPHATION OF NEGATIVE PLATES 


Experiments on the rate of sulphation of the negative plates after 
115 cycles were made similarly to those reported for the antimony 
series. The results are given in table 8. The contrast between the 
results in this table and those in table 6 for the cells containing anti- 
mony grids is very marked. The increase in weight of the plates 
(table 8) because of the formation of lead sulphate is less in every case 
than for any cell in table 6 with the single exception of cell A, which 
contained no antimony. At the same rate of local action some of these 
plates could have stood for a year without being completely discharged. 


TABLE 8.—Rate of sulphation of negative plates in sulphuric-acid solutions of 1.250 
specific gravity at 25° C. 
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VI. DISCUSSION OF RESULTS 


The higher rate of sulphation of negative plates previously cycled 
with positives whose grids contain antimony in customary amounts, 
compared with the negligible rate of sulphation of similar plates cycled 
with pure-lead positives or those containing little or no antimony, is 
convincing evidence that the composition of the positive grids is an 
important factor influencing the operation of the negative plates. 
The effects of antimony on the negative plates are not the result of 
exceptional conditions, but may be expected in the ordinary condi- 
tions of operation of batteries. 

Some of the advantages to be gained in the operation of negative 
plates by curtailing the use of antimony in the positive plates are: 

(a) Longer life of the negative plates in service; (6) more uniform 
cell voltages and plate potentials during the life of the cell; (c) less 
local action at the negative plates when battery is inactive; (d) less 
occasion for overcharging batteries, because of less sulphation of the 
negatives; and (e) less possibility for the formation of stibine when 
hydrogen is discharged on antimony. 

To gain such advantages for the negative plates, however, requires 
the solution of difficult problems regarding the construction of the 


positive plates. 
VII. SUMMARY 


The effect of antimony in producing excessive sulphation of nega- 
tive plates in storage batteries has been known previously, but recent 
experiments at the Bureau of Standards and elsewhere have shown 
that the small amounts of antimony released from the positive grids 
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in the course of normal operation of batteries are sufficient to affect 
the negative plates. 

Batteries have been made and operated in the laboratory to test 
the effect of varying the composition of the grids for positive plates. 
The alloys, which were employed in this work, included a series of 
lead-antimony and lead-cadmium compositions. 

The operation of the batteries was observed during 115 cycles of 
charge and discharge. For the most part, the cycling of the batteries 
was controlled automatically, but measurements of capacity and plate 
potentials were made at intervals during the course of the tests. 

No large differences in capacity resulted from variations in the 
antimony content of the positive grids, but grids containing 3 per- 
cent or less of antimony were not as durable as those of customary 
compositions. 

Tests for loss of charge on standing for a period of 114 days showed 
the loss to be greater in those cells containing the higher percentages 
of antimony in the positive grids. The capacity of the cells, with 
one exception, was limited by the negative plates, however, and 
these were found to contain measurable quantities of antimony in the 
active material after completing 115 cycles of charge and discharge. 

The percentage of antimony found by analysis in the active mate- 
rial of the negative plates was greater in those cells whose positive 
grids contained the greater percentages of antimony. The analysis 
for antimony was made at the conclusion of 115 cycles of charge and 
discharge. 

Local action produced at the surface of the negative plates was 
measured by weighing the plates at intervals while they were sus- 
pended in solutions of sulphuric acid and maintained at a constant 
temperature. The plates having the greatest amount of antimony in 
the active material sulphated the most rapidly. The negative plates 
from cells whose positive grids were made of pure lead or the lead- 
cadmium alloys sulphated less than the others. 

Positive grids of lead-cadmium alloys did not prove to be as durable 
as the lead-antimony alloys in these experiments. The operation of 
negative plates was improved, however, by the absence of antimony 
from the positive grids. Part of the difficulty with the lead-cadmium 
alloys may have been caused by insufficient experience in using such 
material in batteries. 
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THE FREEZING POINT OF IRIDIUM 
By F. Henning! and H. T. Wensel? 


ABSTRACT 


The ratio of brightness for red light of a black body immersed in freezing 
iridium to that of a similar black body immersed in freezing gold was measured 
both directly and indirectly. The indirect method consisted in determining the 
ratio of brightness at the iridium and platinum freezing points and calculating 
the result from the previously determined platinum to gold ratio. The two 
methods, agreeing with each other within experimental errors, yielded a value for 
the iridium to gold ratio of 4,380 at wave length 0.652 wu. This fixes the freezing 
point of iridium on the International Temperature Scale as 2,454° C. 
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I. INTRODUCTION 


In making an accurate determination of the freezing or melting 
temperature of a pure metal, one of the objects is usually a more accu- 
rate establishment of the temperature scale in practical use by pro- 
viding an additional known fixed point at which temperature measur- 
ing equipment may be checked. In the present work, however, this 
item was of comparatively small importance. The extremely high 
cost of the metal, the difficulty of purifying it to the required degree, 
and the difficulties encountered in melting the metal under suitable 
conditions prohibit its use as a secondary thermometric fixed point 
except in very unusual cases. Indeed these factors would have ren- 
dered the result obtained in the present work scarcely worth the 
effort put forth were it not for the fact that data were obtained which 
are greatly needed in connection with standards in other fields. 

The color temperature scales used by various laboratories are not 
on a very satisfactory basis. Not much is known concerning the 
agreement of these scales and in some cases even the basis for the 


_! Chief of the Division of Heat and Pressure, Physikalisch-Technische Reichsanstalt. This investiga- 
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scale is not definitely set forth. A project is under way at the Bureau 
of Standards to establish a color temperature scale based on the colors 
of black bodies maintained at the freezing points of platinum, rho- 
dium, and iridium. For this, accurate values for the temperatures of 
these fixed points are essential. 

The primary purpose, however, for which this work was undertaken 
was to secure data bearing upon the basic standards in the field of 
photometry. If a carbon filament electric lamp operating at the 
color temperature of the platinum point be photometered against a 
black body immersed in freezing platinum * and a tungsten electric 
lamp operating at the color temperature of the iridium point be 
photometered against a black body immersed in freezing iridium, 
then the relative candlepowers of these two lamps can be calculated 
from the temperatures of the two black bodies employed. This 
provides a method for comparing two photometric standard lamps 
differing widely in color which avoids the difficulties met with in 
heterochromatic photometry. 

These two applications of the black body immersed in freezing 
iridium will be reported in subsequent papers and have been mentioned 
here merely to explain why extreme accuracy was sought in this 
determination of the freezing temperature. 


II. PREVIOUS WORK 


For the past 25 years the value 2,350° C. has been almost univer- 
sally accepted as the melting point ofiridium. It appearsin practically 
all the tables of melting points, such as those of Landolt and Bérn- 
stein, and is listed in the International Critical Tables as 23,9, indi- 
cating that this value is uncertain by at least 100°. After the present 
work had yielded a value some 100° C. higher than this, a critical 
analysis of the literature led to the conclusion that previous work 
alone indicated the freezing point of iridium to be 2,435° C. with an 
uncertainty of perhaps 25° or 30° C. In view of this condition it was 
thought advisable to discuss the published work in greater detail 
than would otherwise seem warranted. 

The high temperature scale is defined by the equation 


J 
pie 6 sop Re (1) 
t+273  ta,+273 CO, 


in which ¢ is the temperature in degrees centigrade, t,,, is the tempera- 





ture of freezing or melting gold, F.i is the ratio of the intensities of 


the radiation at wave length \ emitted by black bodies at the above 
J 

» 
together with a determination of the corresponding \, obviously 
determines ¢, once t,, and C, are fixed. It is equally obvious that a 
change in the value assigned to either C, or the gold point will produce 


a change in the numerical value of ¢. During the past 30 years some 
10 or 12 different values have at some time or other been assigned 


two temperatures, and C, is a constant. A measurement of 


* The Waidner-Burgess Standard of Light, B.S.Jour. Research, vol. 6, p. 1103, 1931. 





Hani Freezing Point of Iridium 811 
to C,, the value on the present International Temperature Scale‘ being 
1.432 cm degrees. The gold point on this scale is defined as 1,063° C. 

The utility of a temperature determination which has been made 
by measuring \ and the ratio of brightness is not affected when a 
new scale is adopted, since the numerical value of the temperature 
may be equally well calculated on the new scale. It is essential, 
however, to reduce such values to a common scale for purposes of 
comparison. 

The earliest experiments of any consequence on the temperature 
of the iridium point are those of Nernst,® who measured the brightness 
of black bodies at the platinum and iridium points in terms of the 
Hefner Kerze. The values first reported were, respectively, 91 and 
1,210 H.K. per cem?. Light of the whole spectrum was used instead 
of monochromatic light, so that equation (1) cannot be applied. 
Nernst calculated the temperature of the iridium point as 2,203° C. 
on the assumption that the brightness of a black body is 47 H.K. per 
cm? at 1,690° C. and varies as the fourteenth power of the absolute 
temperature. On the basis of our present knowledge of the relation 
between the photometric brightness and temperature it is possible to 
calculate the iridium point from the ratio 1,210 to 91 obtained by 
Nernst at the iridium and platinum points. Nernst ® himself, how- 
ever, showed later that due to contamination of his platinum speci- 
mens with iridium, the temperature of the furnace in his first work 
had been about 50° C. above the platinum point when the brightness 
was measured as 91 H.K. per cm?. Taking precautions to avoid this 
contamination in his later work, he obtained a value of 63.4 H.K. per 
cm’. 

Nernst made an attempt to express his 1906 results in terms of the 
Reichsanstalt scale and obtained the value 2,348°, which is equivalent 
to 2,394° C. on the present scale. However, this value is dependent 
on the degree of success which Nernst met with in making the transfer, 
and a more reliable value can be deduced directly from the measured 
ratio of brightness 1,210/63.4. 

Calculation based on the I.C.I.’ visibility factors shows that two 
black bodies, one at 2,428° C. and the other at the platinum point, 
taken as 1,773.5° C.8 will have a ratio of brightness 1,210/63.4 for a 
normal observer. The ratio measured by Nernst, therefore, leads 
directly to a value of 2,428° C. (Int.) for the iridium point, which is 
probably the best one to be found in the literature, since it is inde- 
pendent of the photometric unit used and depends only on the purity 
of the metals and the accuracy with which the ratio determined cor- 
responds to that for a normal observer. 

_Mendenhall and Ingersoll * determined the melting point of minute 
bits of iridium placed on top of a Nernst glower. The temperature 





‘Proc. Seventh Gen. Conf. of Weights and Measures, p. 56, 1927; Text in annex 4, p. 94; B.S.Jour. 
Research, vol. 1, p. 635, 1928; Zs. f. Phys., vol. 49, p. 742, 1928. 
5 Phys. Zeits., vol. 4, p. 733, 1903. 
® Phys. Zeits., vol. 7, p. 380, 1906. 
a" des Travaux, I.C.J., 16th session (Geneva), p. 67, 1924. See also B.S.Sci. Papers, vol. 16, p. 131, 
§ B.S.Jour. Research, vol. 6, p. 1119, 1931. 
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of the glower was obtained by extrapolation of the empirical isochro- 
matic radiation formula 


K, 
#4273 (2) 


log H=K,+ 


The gold point, taken as 1,065° C. and the platinum point, taken as 
1,745° or 1,789° C., were used to determine the necessary constants, 
The iridium point was reported as 2,292° or 2,388° C., according to 
the value accepted for the platinum point. 

The paper does not mention the values obtained for either the £’s 
or the K’s in equation (2). From the two values of the iridium point 
calculated from the two corresponding platinum points, however, 
it is possible to solve for the K’s in equation (2) and deduce a value of 
2,360° C. on the basis of the gold point being 1,063° and the platinum 
point 1,773.5° C. However, the results are stated to be consistent 
with a value of C,=1.65 cm degrees. If their mean values for 
platinum, iridium, and ©, are used, a recalculation on the basis of 
present data (C,=1. 432 and Pt=1 77 3.5° C.) yields the value 2,468° 
C. for the iridium point. N either of these methods of calculation 
is free from objection and we can only conclude that the result corre- 
sponds to a value between 2,360° and 2,468° C., the mean of which 
is 2,414° C. 

In 1905 Holborn and Henning ” reported a value of 2,000° C. for 
the apparent temperature of melting iridium measured at wave 
length 0.643 » and using 1.45 em degrees for C,. No attempt was 
made to convert the value obtained to true temperature while the 
fact that the reported value was rounded to the nearest 100° indicates 
its approximate nature. However, five years later H. von Warten- 
berg “ determined the reflection factors for a number of metals and 
used the value 0.752 (emissivity 0.248) obtained for iridium to con- 
vert the value of Holborn and Henning to true temperature. The 
value there calculated reduces to 2,407° C. (Int.). 

Von Wartenberg " also reported a value of 2,360° C. measured by 
himself on the basis of 1,745° C. for the platinum point and 1.46 cm 
degrees for C,. This value becomes 2,425° C. on the present scale 
(C,=1.432 em degrees) if the platinum point be taken as 1,773.5. 

In 1916, Burgess ” reported a value of 2,400° C. which reduces to 
2,418° C. (Int.), but the value was reported as doubtful. 

An accurate value for the apparent temperature of the iridium 
point was obtained by Henning and Heuse * in 1924. The value, 
2,068° C. was found for wave length 0.622 4. Using v. Wartenberg’s 
value of 0.248 for the emissivity, this reduces to 2,458° C. (Int.). 

A change of 10 percent in the value of the emissivity used, however, 
will result in a change of about 30° in the result. If, therefore, the 
temperature be calculated on the basis of an emissivity of 0.3 as found 
by Burgess and Waltenberg “ the value, 2,395° C. is obtained for 
the melting point. 

Since the presentation of the present work” before the Optical 
Society of America, October 22, 1931, von Wartenberg, Werth, and 





10 Berl. Ber., p. 317, 1905. 

ii Verh. Deut. Phys. Gesell., vol. > p. 105, 1910; and vol. 12, p. 121, 1910. 
12 J. Frank. Inst., vol. 182 p. 19, 19 

18 Zeits. f. Physik., vol. 29, p. 157, 1924. 

14 B.S. Bull., vol. il, p. 591, 1915. 

16 J, Opt. Soc. Am., vol. 22, 1, p. 7, January 1932. 





Henning 
Wensel 


Freezing Point of Iridium 


813 


Reusch * have reported a value of 2,440°+25° C. The values 


obtained, however, ranged from 2,390° to 2,470° C. 


The mean of the seven determinations listed in table 1 is 2,424° C. 
A weighted mean of the above 
values would undoubtedly be subject to a lesser uncertainty, but, 
instead of assigning weights, three values obtained by three different 


with an uncertainty of perhaps 40°. 


methods have been starred in table 1. 


Each of these starred values 


is, in our Opinion, the best one for a particular method. The average 
of these three values is 2,442° C. with an uncertainty of perhaps 25° C. 


TasLe 1.—Summary of values previously reported for the melting point of iridium 





Observers 


Nernst -. 


DG. wc nse 


Mendenhall and 
Ingersoll. 


Holborn and Hen- 
ning. 


v. Wartenberg - - .- 


Henning and 
Heuse. 


Scale used 





ad t+273\4 

B=03.4( tar ) Re 

Gold point, 1,064; C2=1.46 
cm degrees. 


Gold point, 1,065; plat- 
inum point, 1,789; C2= 
1.65 cm degrees. 

Gold point, 1,064; C2=1.46 
cm degrees. 


Computed value from 
work of Holborn and 
Henning. 

Platinum point, 1,745; C2 
=1.46 cm degrees. 

Gold point, 1,063; C:= 
1.445 cm degrees. 

Gold point, 1,063; C2=1.43 
cm degrees 


Temperature 





Reported 





Appar-| rue 


Inter- 
national 
scale 


Remarks 





*.¢. 
2, 203 


2, 348 


* ¢. 
(?) 
2, 428* 


2, 414? 


2, 394 


2, 425 
2, 418 
2, 458* 


Scale indefinite. 


Calculated directly from 
Nernst’s measure- 
ments. 

Conversion to Interna- 
tional scale very uncer- 
tain. 

True temperature cal- 
culated by v. Warten- 
berg from work of 
Holborn and Henning 
taking emissivity as 
0. 


248. 
Emissivity taken as 
0.248 


Value reported as doubt- 
fu 


Emissivity taken as 
0.2 


v.  Wartenberg, International. .....-.----- 2, 440* Range of values 2,390 to 


Werth, and; 
Reusch. 























Unweighted mean of all values 
Mean of 3 best values (*) 


III. PRESENT WORK 
1. THE IRIDIUM 


The iridium used in this work is believed to have contained less 
than 0.01 percent of metallic impurities, undoubtedly the first iridium 
that has been prepared in a state of purity even approaching this. 
The production of iridium of this purity is considered to be of such 
significance that we have requested Dr. E. Wichers to describe, in the 
appendix, the special methods which were used in preparing the 
sponge. 

The melting of the sponge and the preparation of an ingot which 
would fit into the crucible and into which a sight tube or black body 
could be inserted was not by any means a simple matter. Because 
of the high melting point, it was not considered advisable to attempt 
the casting of an ingot as can so easily be done with platinum. 





16 Zs. f. Elektrochem., vol. 38, p. 50, 1932. 





814 Bureau of Standards Journal of Research Vol, 1 


The sponge was compressed to a specific gravity of about 12 or 14 
and several compressed pellets placed in a ont of the kind used 
in the actual observations. The compressed sponge suffered con- 
siderable shrinkage in the melting and additional pellets were added 
after each melting until an ingot of approximately 200 g and specific 
gravity of 22.5 was obtained. 

After the ingot was removed from the crucible it was found that 
distortion of the crucible caused sufficient change in the shape of the 
ingot to prevent its fitting a new crucible. The ingot was therefore 
hot swaged by hand until it fitted loosely into a new crucible. 

Iridium of high purity is extremely difficult to drill. It was found 
that a hole 3.5 mm in diameter could be laboriously drilled along the 
axis with drills tipped with tungsten carbide. 

After swaging and drilling, the ingot was immersed for about 
30 minutes in molten potassium pyrosulphate to remove surface 
contamination. 

2. THE FURNACE AND CRUCIBLE 


The arrangement of crucible, immersed black body or sight tube, 
insulation, and metal was identical with that used in the work on 
the Waidner-Burgess Standard of Light and shown there in figures 
land 2. The advantages to be gained from the use of the induction 
furnace are likewise described there. 

The only difference between the work on platinum and iridium, 
aside from the metals used, lay in the fact that in the latter case the 
crucibles and sight tubes were fired to a temperature of about 2,500° C. 
before use. This was done in the induction furnace by placing the 
crucibles inside a graphite cylinder with zirconium oxide packed be- 
tween the crucible and the graphite cylinder. In firing the crucibles 
in this way a layer of the zirconium oxide packing next to the graphite 
was contaminated with carbon, but the crucibles were not affected. 


3. METHOD OF OBSERVATION 


The method of observation and the pyrometer used were the same 
as were used in determining the freezing point of platinum * and the 
measurement of the ratio of brightness from gold to iridium was made 
in two steps as there described. The observations on the black body 
immersed in iridium were taken through a sector disk with an opening 
of 2°44’38’’ (transmission 0.7622 percent). The lamp was conse- 
quently operated at a temperature of about 1,425° C. The exact 
value of this temperature was determined by means of a second sector 
with an opening of 9°27’16”’ (transmission 2.626 percent). The com- 
bination of the two sectors corresponded to the ratio of brightness from 
the iridium point to a temperature within about 10° of the gold point. 
Four observers participated in determining the ratio of brightness at 
the iridium point to that at the goid point. 

After making a series of nine freezes, the iridium was allowed to 
cool to room temperature. Upon melting the iridium again, it was 
found that the sight tube was broken and it was therefore necessary 
to again swage, drill, and treat with molten potassium pyrosulphate. 
We Tae found it necessary to mount the iridium ingot in a new 
crucible each time it has been cooled to room temperature after a 
series of observations. 





17 B.S.Jour. Research, 6, p. 1103, 1931. 
18 B.S.Jour. Research, vol. 6, p. 1119, 1931. 
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Additional data for calculating the iridium point in terms of the 
platinum point were obtained by measuring the ratio of brightness— 
iridium to platinum. This was done by operating the pyrometer 
lamp at the platinum point and making observations on the black 
body immersed in freezing platinum and, through a sector of 6.96 
percent transmission, on the black Lody immersed in freezing iridium. 

This operating temperature is above the range in which pyrometer 
lamps are customarily operated. By taking readings on platinum 
before and after the readings on iridium, however, the effect of any 
change in the lamp, if not too large, will be eliminated. As a matter 
of fact it was found that the total change in the lamp during this 
phase of the work corresponded to a difference of only 0.3° C. in the 
value of the iridium point. 

In this part of the work only three observers participated as the 
work could not be completed during the two months’ exchange of 
personnel. 


4. DETERMINATION OF EFFECTIVE WAVE LENGTH 


Due to the large temperature step from the gold point to the 
iridium point the individual characteristics of the observers’ eyes 
produce a noticeable effect. For this reason it was decided not to 
use the same effective wave length; that is, the average for all the 
observers, in calculating the results as was done in the determination 
of the platinum point.” Moreover, it was necessary to know the 
effective wave length very accurately. For this reason the following 
investigation was carried out. 

A reflecting test plate of milk glass smoked with magnesium oxide 
was illuminated by a tungsten lamp operating at a color temperature 
of approximately 2,600° K. The distance between this lamp which 
will be called the source and the test plate was adjusted until the 
optical pyrometer indicated about 1,300° K. when sighted upon this 
test plate with no absorption device interposed. The observer matched 
the brightness of the lamp filament, whose color temperature was 
near the gold point, with that of the test plate, whose color temperature 
was near the iridium point. 

Eight men from other sections of the Bureau, whose visual charac- 

teristics had been determined by Gibson and Tyndall * so that the 
effective wave length of the red screen used could be calculated for each 
of the eight, were compared with the men who made the observations 
on the freezing point of iridium. The method of making the com- 
parisons was as follows: Four settings were made by observer A, then 
four by observer B, four more by observer A, four more by observer B, 
and finally four by observer A. 
_ Let the effective wave length of the red screen for the temperature 
interval in question, calculated on the basis of A’s visibility, be \, and 
let that for observer B, which is to be determined, be Ag. Further let 
6, be the color temperature of the source, 6, the apparent brightness 
temperature of the test plate determined from the pyrometer settings 
of A, and let @,+A0,4 be the corresponding value determined from the 
pyrometer settings of observer B. 


'¥ See footnote 18 p. 814. 
B.S, Bull., vol. 19, p. 131, 1923. 
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Now since Ag — A, need never be known to better than about 10 percent, 
it is evident for the case in question, where 6,= 20, =2,600° K., that 6, 
and 6, need be known only approximately, say to the nearest 100° or 
200° K., and that the term 6,40, may be neglected. A, is approxi- 
mately 0.65 » and consequently 


Apa _ 


es” gn. 0.001 »/degree (8) 


The minus sign means that the effective wave length is greater for the 
observer whose setting of the pyrometer is the lower. The result of 
this determination is shown in the following table for one observer: 


TABLE 2.—Effective wave length of observer H.T.W. 





Observer A Ag.T.w.—AA| AH. TW. 
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This indirectly obtained value, since it is based on the visibility 
data of eight observers, is unquestionably more accurate than the 
value 0.6522 previously used for the observer in question, but the 
difference is small enough to be neglected. 

The effective wave lengths for the four observers are given in table 3. 
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(3) TaBLE 3.—Effective wave length for the observers used in this investigation 
Observer 

(4) 

(5) 


IV. RESULTS 







The method of calculating the temperatures from the observed 
ratio of brightness and the effective wave length is described in 
previous work on the freezing point of platinum.” When the average 
effective wave length for the four observers is used to calculate the 
results (based on the gold point) of the individual freezes, the mean 
values for the individual observers range from 2,451° to 2,455° C. 

» When, however, each freeze is calculated on the basis of the effective 

' wave length for the man who observed that freeze, the values shown 

| inthe left half of table 4 are obtained. The values based on platinum 

' are not greatly affected by the value of the effective wave length used. 

» In this latter work, the illumination of the photometric field of the 

| pyrometer was somewhat too high for precise matching and accounts 

' for the larger scatter of the results obtained. These variations, 

however, are random in nature and the mean value is nearly as good 

as the one based on gold. 




















B TaBLe 4.—Summary of determinations of the freezing point of iridium 
f “ —_ 


Values based on gold point, 1,063° C. Values based on platinum point, 1,773.5° C. 



























W.F.R. | F.R.C. Freeze nos. H.T.W. 





H.T.W. 





Freeze nos.! F.H. 





















“C, °C. “¢, wie mA ‘A | 
1, 2, 3, 5........] 2,452.5 | 2,463.2] 2,453.5 | 2,452.3 | 1, 2,3_....-..-- 2,458.2 | 2,454.4 2, 456. 6 
4, 6, 7, Dinncnnne 2,452.4 | 2,452.9] 2,452.5] 2,454.9 4, 5, 6.....---- 2,455.8 | 2,451.8 2, 455. 4 
ene of RE EPRI Cae sda whet atmdanipel OL een 2,455.0 | 2,453.9 2, 455. 1 
2,454.1 | 2,453.7 


















2, 452. 6 , 453.6 | Mean..--- 2, 455. 8 





Mean.... 






























Mean of values based on gold, 2,453° C. Mean of values based on platinum, 2,455° C. 













' The observers of the freezes are listed in the columns of the table in the same order as the freeze numbers 
are given in this column, thus freeze no. 3 goes with W.F.R. 









i The difference of 2° C. between the freezing point value based upon 
the gold point and that based upon the platinum point is not surprising 
in view of the fact that each of these separate values is considered to 
be accurate only to 43°C. The consistently higher values obtained 
in the latter case indicate that the difference is not due solely to 
| accidental errors in making the pyrometric settings. 
; 









In column 2 of table 5 are listed three ratios of brightness, all 
measured with black bodies immersed in freezing metals. In measur- 
ing such ratios, the greatest ratio is most sensitive to errors in the 
effective wave length and in the measured sector disk openings. The 
iridium to platinum ratio should therefore be the most accurately 












4. See footnote 18, p. 814. 
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known of the three. The value for the iridium point based on this 
ratio, however, is not necessarily the best one since the uncertainty 
in the platinum point enters directly into this and moreover thie 
observations are not as precise. 


TABLE 5.—Summary of ratios of brightness and corresponding temperatures of fixed 
points 





Measured Adjusted 





Fixed points Ratio of 


Temperature | brightness bel 
A=0.652 ure 


Ratio of bright- 
ness A=0.652 u 





° C. ° C. 


aera AO 
Platinum/gold 
Iridium/gold 





14. 60-0. 1 
301. 0+1.5 
4, 366-43 


2. 45543 
1, 773. 51.0 
2, 45343 


14. 57 
300. 6 
4, 380 


Iridium/gold 


Platinum/gold (14. 50-40. 15) 


(14. 57) 














The three ratios in table 5 have been adjusted by the usual method 
for the adjustment of conditioned observations. These adjusted 
values, shown in column 4, indicate that the platinum point is proba- 
bly lower than 1 9773.5° C. From this it is concluded that: 

Freezing point of platinum = 1,773°+ 1° C. (Int.). 

Freezing point of iridium = 2,454° + 3° C. (Int.). 

The errors entering into the determination are somewhat difficult 
to evaluate. A summary of the estimated errors is given in table 6. 


The probable errors are all very much smaller and it is reasonably 
certain that the actual errors do not exceed those listed in the table. 


TABLE 6.—Summary of estimated errors 





Equivalent in °C. 





Sources of error Work based|Work based 


on gold on plati- 
point num point 





°C. 
EEA A ES OEE LE AN A STE SPS Fa 
Effective wave length 

Photometric matching 

Departure from black body conditions 

Impurity of metal 

Reterence temperature. ..............-...+----- és 

















Maximum error if all are of same sign 





The value based on the direct measurement of the iridium to gold 
ratio is not dependent upon previous work and is the more reliable. 
In the absence of the other value, it would be considered good to 
+ 3° C., since it is not likely that the errors listed are all of the maxi- 
mum size and also all of the same sign. The satisfactory check 
obtained in the work based on the platinum point makes the estimate 
of +3° C. for the final result a conservative one. 
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V. SUMMARY 


The ratio of brightness of black bodies immersed in freezing iridium 
and freezing gold has been determined directly and in terms of the 
previously measured platinum to gold ratio. The platinum point is 
established as 1,773+1° C. and the iridium point as 2,454 +3° C. 
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VII. APPENDIX. PREPARATION AND PURITY OF THE 
IRIDIUM 


By Edward Wichers 


The purification of iridium is attended by unusual difficulties. The 
iterature on iridium does not include methods which can be depended 
upon for the complete elimination of impurities, even though they 
may be satisfactory for preparing metal of commercial purity. For 
this reason, and because the preparation of specimens of demon- 
strated purity has not been described, it seems rather unlikely that 
iridium of very high purity has been previously prepared. 

All of the base metals ordinarily associated with iridium, as well as 
silver, gold, and probably palladium, can be removed by precipitat- 
ing the iridium several times as ammonium chloroiridate, (NH,)2IrCl,, 
provided proper precautions are taken. Platinum and ruthenium, 
on the other hand, cannot be separated from iridium in this way 
because they form chloro salts of the same order of solubility as the 
iridium salt. Even rhodium, which does not form an analogous, 
slightly soluble chloro salt, will contaminate the iridium compound 
with the utmost persistence, so that it is wholly impracticable, if not 
impossible, to get rid of rhodium in this way. No difficulty is experi- 
enced with osmium, although it forms a chloro salt similar to iridium, 
because it is volatilized as the tetroxide when the solution is digested 
with nitric acid or aqua regia, which is done repeatedly in the usual 
refining process. 

When iridium is precipitated as ammonium iridium nitrite, plati- 
num and ruthenium concentrate rapidly in the mother liquors and 
could probably be completely eliminated by several precipitations of 
that salt. This procedure can also be adapted to the separation of 
most of the base metals. However, in this instance it is rhodium 
which forms an analogous salt, somewhat less soluble than th> iridium 
compound. Hence rhodium could be eliminated only by a long con- 
tinued process of fractional precipitation, which is not very suitable 
when only a limited amount of material is available, and which in 
any case is not favorable to the purification of the more soluble of the 
two salts. Such a method would be better for freeing rhodium of 
iridium than vice versa. 

Up to the present time no slightly soluble, easily handled, compound 
of iridium has been thought of which can be repeatedly precipitated 
and thereby effect the complete removal of rhodium. Small scale 
experiments, similar to an analytical procedure which has been de- 
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veloped in this laboratory ” for the separation of rhodium from irid. 
ium, have shown that iridium can be freed of rhodium by precipi. 
tating the latter with trivalent titantium compounds. However 
this reaction is not very practicable for even laboratory-scale refining 
operations. Earlier work * indicated that ruthenium could bp 
eliminated by fractional precipitation with hydrogen sulphide, byt 
that the yield of iridium was not very favorable. Later work has 
shown that this treatment also gets rid of rhodium and platinum, 
The poor yield (sometimes only 50 percent of fairly pure starting 
material) is offset by the simplicity of the operation and the fact that 
all three of the most persistent impurities are eliminated together 
The procedure consists in saturating the acidified chloride solution 
(50 g of metal and 50 ml of concentrated hydrochloric acid per liter 
has been found to give satisfactory conditions of concentration) 
with hydrogen sulphide at room temperature and keeping it saturated 
for a week or longer, during which time platinum, rhodium, ruthenium, 
etc., slowly precipitate, together with a portion of the iridium. The 
precipitation is stopped when spectrographic examination of the 
iridium obtained from the filtered solutions shows no trace of other 
platinum metals. Foreign metals which are not completely precipi- 
tated by hydrogen sulphide at the prevailing acidity are then removed 
by repeated precipitation of ammonium chloroiridate, sometimes 
combined with one or more precipitations of ammonium iridium 
nitrite. 

The iridium sponge, from which the ingot was prepared which was 
used in the experimental work described in this paper, was purified 
in two lots by the foregoing procedure, by H. A. Buchheit and R. K. 
Bell. The starting material was crude iridium residues from various 
sources, mostly obtained in the process of platinum refining by the 
United States Assay Office at New York, a portion of which was lent 
by the United States Mint and a portion obtained from the War 
Department. The crude residues contained large amounts of the 
remaining platinum metals, especially rhodium and platinum, as well 
as tin, iron, and other base metals. The iridium content of the 
residues probably averaged less than 25 percent. 

After getting the residues into solution, mostly by fusion with 
alkaline oxidizing reagents, the iridium was concentrated somewhat 
by various procedures commonly employed to separate the platinum 
metals from each other and from base metals. The partially con- 
centrated material was then subjected to fractional precipitation 
with hydrogen sulphide. One of the two lots, comprising about 60 
percent of the metal used in the ingot, was finally purified from small 
amounts of base metals present, by twice converting the chloride solu- 
tion to a nitrite solution (by heating with sodium nitrite), followed by 
the addition of ammonium chloride to precipitate ammonium iridium 
nitrite, and twice precipitating ammonium chloroiridate. The final 
purification of the other lot consisted in six precipitations as ammonium 
chloroiridate. Both lots of the ammonium chloroiridate were ignited 
and reduced under hydrogen to iridium sponge, samples of which were 
examined spectrographically to make sure that the material was of 
satisfactory purity. 





22 R. Gilchrist, B.S. Jour. Research, vol. 9, p. 547, 1932. ; 2 
% E. Wichers, R. Gilchrist, and W. H. Swanger, Purification of the Six Platinum Metals, Trans. Am. 
Inst. Mining Met. Eng., vol. 76, p. 602, 1928. 
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After the completion of the work with the ingot, the arc spectrum 
of the metal ** was photographed and compared with the arc spectrum 
of asample of iridium sponge to which 0.02 percent each of platinum, 
rhodium, ruthenium, iron, and thorium (the last as oxide) had been 
added. The spectrum of the ingot showed no traces of any of the 
other platinum metals nor any other impurities except a faint trace of 
iron and silicon. 

A further comparison of the ingot was then made with standards to 
which had been added 0.01 and 0.003 percent of iron. The intensity 
of the iron lines in the spectrum of the ingot was much less than in 


» that of either standard and indicated the amount of iron to be 0.001 


percent or less. 
No standard containing silicon was prepared, but the ingot showed 
only a faint trace of the very sensitive line of wave length 2,881 A. 
Spectrograms of standards which contained smaller admixtures of 
rhodium, ruthenium, platinum, and thorium than the one with which 


\ the ingot was directly compared, indicate that 0.002 percent of 
} ruthonium and 0.005 percent of thorium would have been detected if 
| present in the ingot. The sensitivity of rhodium was less well de- 
| fined, but is probably of the same order as that of ruthenium. The 


© sensitivity of platinum in these spectra may be limited to about 0.005 
) percent. However, experience in purifying iridium by fractional pre- 


© cipitation with hydrogen sulphide shows that platinum is eliminated 


much more rapidly than either rhodium or ruthenium. Hence it is 


é highly probable that the amount of platinum, as well as of rhodium 
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and ruthenium, was below 0.002 percent in each case. Osmium (and 


' palladium) are usually removed in the preliminary purification and 
» have never been detected during the final stages of purification. On 
| the basis of both chemical and spectrographic evidence it seems reason- 


able to conclude that the iridium ingot, at the completion of the ex- 
perimental work, contained less than a total of 0.01 percent of metallic 
impurities. 


WasurneTon, March 1, 1933. 





*« The spectrographic analyses were made by W. F. Meggers and B. F. Scribner. 
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THE PRECIPITATION AND TITRATION OF MAGNESIUM 
OXYQUINOLATE IN THE PRESENCE OF CALCIUM 
OXALATE, AND ITS APPLICATION IN THE ANALYSIS 

- OF PORTLAND CEMENT AND SIMILAR SILICATES 


By John C. Redmond 


ABSTRACT 


Data are presented showing that magnesium oxyquinolate can be precipitated 
and titrated in the presence of calcium oxalate. A rapid method for the deter- 
mination of magnesium in portland cements is described. 


CONTENTS 


I. Introduction 
II. Experimental 
IIJ. Recommended method for the rapid determination of magnesia in 
portland cement 
1. Solutions required 
2. Procedure 
IV. Literature cited 


I, INTRODUCTION 


A rapid and accurate method for the determination of magnesia 
in portland cements and similar materials by the use of 8-hydroxy- 
quinoline was described by Redmond and Bright (3)! in 1931. In 
this procedure, which has been in use for the routine analysis of port- 
land cements at the Bureau of Standards for several years, the sample 
is dissolved in dilute hydrochloric acid, the R,O; group and calcium 
are removed as usual, and magnesium then determined by precipi- 
tating with 8-hydroxyquinoline (1), dissolving the precipitate in 
acid, and titrating with a standard bromate solution. The work 
reported in this paper demonstrates that this method can be further 
shortened by omitting the removal of the calcium oxalate and pre- 
cipitating and titrating the magnesium oxyquinolate in the presence 
of the calcium oxalate. 

Shead and Valla (4) claim that magnesium oxyquinolate can be 
precipitated in the presence of calcium oxalate. In their method the 
combined precipitates of calcium oxalate and magnesium oxyquino- 
late are ignited, weighed, and lime subsequently determined by the 





| The figures given in parentheses here and throughout the text relate to the reference numbers in the 
bibliography given at the end of this paper. 998 
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saccharate method. Bucherer and Meier (2) have described a method 
wherein the magnesium oxyquinolate is precipitated in the presencg 
of calcium oxalate, and magnesium determined by their ‘filtration 
method.” A brief description of the experimental work showing 
that the precipitated magnesium oxyquinolate can be titrated in the 
presence of calcium oxalate, together with complete directions fo, 
the application of the method in the analysis of portland cements 
are given in the following sections. By using the method described, 
an experienced operator can determine magnesia in a portland cement 
or limestone in 1 to 1% hours. 


II. EXPERIMENTAL 


Solutions of pure salts of magnesium, calcium, iron, and aluminum 
were used to obtain the various quantities of these elements present 
in the different test solutions. The procedures for separating mag. 
nesium from the several elements, and its precipitation and titration 
as the quinolate are given in section III. 

Preliminary experiments showed that calcium once precipitated 
as the oxalate does not retain any 8-hydroxyquinoline, and that the 
presence of oxalic acid has no observable effect on the titration of 8- 
hydroxyquinoline with standard bromate and thiosulphate solutions. 
Further experiments showed that calcium must be precipitated as 
the oxalate, for otherwise more or less of it reacts with 8-hydroxy- 
quinoline and precipitates as oxyquinolate with the magnesium. For 
instance, aliquot portions of solutions of magnesium chloride con- 
taining 0.0247 g of MgO indicated 0.0252, 0.0255, and 0.0270 g when 
adulterated with 0.0010, 0.0043, and 0.0300 g of CaO, respectively. 
Incidentally it was noted that the presence of iror or aluminum 
hydroxide causes errors in the precipitation and titration of magne- 
sium oxyquinolate. 

The results obtained by precipitating calcium as the oxalate and 
then precipitating magnesium in the presence of the calcium oxalate, 
dissolving the precipitate in hydrochloric acid, and titrating with a 
solution of bromate are shown in table 1. Each result is the average 
of two or more closely agreeing determinations. Two different 
methods were used to precipitate the calcium. In one case hot ammo- 
nium oxalate solution was added to a boiling faintly ammoniacal solu- 
tion of the calcium and magnesium, and in the other case a boiling 
acid solution containing the magnesium and calcium, together with 
oxalic acid, was made ammoniacal by the dropwise addition of con- 
centrated ammonia. The data show that for moderate amounts of 
lime and magnesia the results are sufficiently accurate for routine 
work. For high quantities of lime and magnesia the usual occlusion 
of magnesia that occurs when calcium oxalate is precipitated only once 
takes place no matter whether the calcium is precipitated in acid or 
ammoniacal solution. The addition of the 8-hydroxyquinoline prior to 
the calcium precipitation does not inhibit the occlusion of magnesia, 
for the results obtained are the same as when the reagent is added 
after the calcium precipitation. 
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= T,sLe 1.—Results obtained by the precipitation of magnesium oxyquinolate in the 
presence of calcium oxalate 





Ex- | 
peri- | CaO i 
ment | taken K Remark 





g 
0. 034 Calcium oxalate precipitated in ammoniacal solution. 
060 Calcium oxalate precipitated from acid solution by adding 
ammonia. 
| 17904 j Same as in experiment 1. 
| Sis . 0240 . Do. 
170 : Same as in experiment 2. 
300 Same as in experiment 1. 
300 Same as in experiment 2. 
300 Same as in experiment 1. 
300 Same as in experiment 1, but calcium oxalate filtered before 
precipitating Mg. 
300} . ‘ m Same as in experiment 1, 8-hydroxyquinoline added before 
oxalate precipitation. 

















| The data given in table 2 were obtained by applying the recom- 
' mended procedure to synthetic solutions which had been made 
' to approximate solutions obtained from 0.5 g samples of portland 
cements. These solutions contained 0.020 g of Al,O;, 0.008 g of 
) Fe,0;, 0.300 g of CaO, and the amounts of MgO shown in the table. 
) The errors are no greater than are obtained in any procedure involving 
single precipitations with ammonium hydroxide and with ammonium 
oxalate, and are within commercial tolerances. By repeating the 
| precipitation of the ammonium hydroxide group and of the calcium 
» oxalate more accurate results can be obtained. 
' In addition to the data given in table 2, 0.8 g samples of Bureau of 
Standards standard sample of argillaceous limestone no. la (cer- 
tificate value 2.19 percent MgO) were ignited for 30 minutes at 
1,100° C. and magnesia was then determined by the recommended 
method. An average value of 2.14 percent magnesia was obtained. 


TABLE 2.—Results obtained for MgO in synthetic solutions of cement 





MgO 
Exper- . 
iment 





Present | Found 





Percent | Percent 
1. 96 1, 96 
3. 82 


4.72 
14,84 

















' R203 and CaO reprecipitated. 


III. RECOMMENDED METHOD FOR THE RAPID DETER- 
MINATION OF MAGNESIA IN PORTLAND CEMENT 


1. SOLUTIONS REQUIRED 


_ The solutions used in this procedure and their methods of prepara- 
tion are those described by Redmond and Bright (3), with the excep- 
tion of the method of standardization of the bromate-bromide solu- 
tion. This is made as follows: To 200 ml of water in a 400-ml beaker 
add exactly 25 ml of the potassium bromate-potassium-bromide 
solution (0.2 N). Add 20 of hydrochloric acid (specific gravity 
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1.18), stir, and add immediately 10 ml of potassium iodide solution 
(25 percent). Mix well, and titrate at once with standard sodium 
thiosulphate solution (0.1 N) until nearly colorless. Add 2 ml of 
starch solution and titrate to the disappearance of the blue color. 


2. PROCEDURE 


To a 0.500 g sample in a 400-ml beaker add 10 ml of water and 10 ml 
of hydrochloric acid (specific gravity 1.18). Heat gently and grind 
any coarse particles with the flattened end of a glass rod until decom. 
position is complete. Dilute to 150 ml with hot water. 

To the solution add three drops of methyl red (0.02 percent alco- 
holic solution), and then ammonium hydroxide (specific gravity 0.90) 
until the solution is distinctly yellow. Add macerated filter paper, 
and heat to boiling. Boil from 1 to 2 minutes, remove from the hot 
plate, and allow to stand until the precipitate has settled. Filter with- 
out delay, and wash the precipitate with a hot 2 percent solution of 
ammonium chloride. - To the filtrate add 1 ml of ammonium hydrox. 
ide (specific gravity 0.90), and heat to boiling. When boiling, add 25 
ml of a hot 4 percent solution of (NH,),CO,.H,O and continue boiling 
for 2 minutes. Digest on the steam-bath for 10 to 15 minutes. 

Cool the solution to 70° C., add 20 ml? of a clear 1.25 percent solu- 
tion of 8-hydroxyquinoline (25 g of the reagent dissolved in 60 ml of 
glacial acetic acid and diluted to 2 liters with water), and then 4 ml! 
of ammonium hydroxide (specific gravity 0.90) per 100 ml of solution. 
Stir on a mechanical stirring machine for 15 minutes, and set aside 
until the precipitate has settled. Filter, and wash with hot dilute 
ammonium hydroxide (1+40). Dissolve the precipitate in 50 to 
75 ml of hot dilute hydrochloric acid (1+9), dilute the resulting solu- 
tion to 200 ml, and add 15 ml of hydrochloric acid (specific gravity 
1.18). Cool to 25° C., and add from a pipette 25 ml of standard 
bromate-bromide solution (0.2 N). Stir and let stand for about 30 
seconds to insure complete bromination. Add 10 ml of potassium 
iodide solution (25 percent), stir well, and then titrate with standard 
sodium thiosulphate solution (0.1 N) until the color of the iodine 
becomes faintly yellow. At this point add 2 ml of starch solution and 
titrate to the + Hemant of the blue color. 

; —_ percentage of magnesia in a 0.5 g sample may be calculated as 
ollows: 

A=g of MgO per ml of standard sodium thiosulphate solution. 

B=ml of standard sodium thiosulphate solution equivalent to 

25 ml of standard bromate solution. 

C= ml of sodium thiosulphate solution required in the titration. 
Then 

(B—C)x A=g of MgO. 

g of MgO x 200 = percent of MgO. 
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2 This amount suffices for 0.5 g samples containing 6 percent or less of magnesia. For cements of higher 
magnesia content proportionately more reagent should be added. 
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A NEW DESCRIPTION AND ANALYSIS OF THE ARC 
SPECTRUM OF CHLORINE 


By C. C. Kiess 


ABSTRACT 


New types of photographic plates have made it possible not only to extend our 
knowledge of the chlorine arc spectrum beyond the infrared limit hitherto reached, 
but also to record many new lines in the regions of shorter wave length. There 
are now presented wave lengths for nearly twice as many lines as have hitherto 
been known. The new data have made it possible to revise and improve the 
analysis of Cl1 with the results: (1) Many new terms have been detected; (2) pre- 
vious erroneous classifieations have been corrected. 
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I. INTRODUCTION 


The description of the arc spectrum of chlorine presented in this 
paper constitutes an extension and revision of the work done four 
years ago at the Bureau of Standards by the writer in collaboration 
with T. L. deBruin.! At that time, we were able to photograph the 
spectrum out to wave length 9,876 A with plates sensitized with the 
dyes then available. The wave-length data thus obtained made it 
possible to establish the main features of the term structure of Cl 1 
and to determine the ionization potential of the neutral chlorine atom. 
Owing, however, to the limitations of the sensitized photographic 
plates employed in that work, not all the features of the spectrum 
predictable from atomic theory could be recorded. The discovery of 
new photo-sensitizing materials by the Research Laboratory of the 
Eastman Kodak Co.” has made it desirable, therefore, to reinvestigate 
the are spectrum of chlorine, both for the purpose of extending it into 
hitherto unexplored regions and to bring out with greater intensity 
those features which, in the previous work, had been recorded only 
fragmentarily. Since it will be necessary in this paper to refer fre- 
~— to the earlier paper, it will, hereafter, be briefly designated 

y RP73. 
II. EXPERIMENTAL PROCEDURE 


The light source used in the present work was a Geissler tube of the 
same type as that described in RP73. The chlorine generator of the 
new tube was charged, however, with palladium chloride, which is 


‘B.S. Jour. Research, vol. 2 (RP73), p. 1117, 1929. 
1J. Opt. Soc. Am., vol. 21, p. 753, 1931; vol. 22, p. 204, 1932. : 
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much less hygroscopic than the chloride of gold previously used. 
The chlorine vigorously attacked the hot platinum electrodes of the 
tube and had to be replenished from time to time until a state of 
equilibrium was attained, after which the tube was operated for over 
200 hours without further admission of chlorine from the generator, 
The tube was excited by the uncondensed discharge from a 40,000-volt 
transformer. 

The spectrograms were all obtained with the 21-foot concave grating 
ruled with 7,500 lines per inch. The mounting of this instrument has 
been described elsewhere.* Recently, however, the speed of this 
spectrograph has been considerably increased by substituting a 
collimating mirror of stainless steel for the tarnished speculum metal 
mirror. Nearly all the exposures to the first order infrared were made 
with only half the slit covered with a filter so that lines in the over- 
lapping second order were also photographed. Both the first and 
second orders of the Fe are spectrum were also photographed to 
supply the standards needed for the wave-length determinations. 
The exposures were of 24 hours duration for each setting of the spectro- 
graph and covered the region from 3,000 A in the ultraviolet to 
12,000 A in the infrared. 


III. RESULTS 


The new and revised wave lengths derived in this investigation are 
given in the first column of table 1. A total of 441 lines, believed to be 
characteristic of the arc spectrum of chlorine, is now listed as compared 
with the 225 lines reported in RP73. All the measurements made in 
the earlier and also the present series of observations have been com- 
bined into means which furnish a scale of wave lengths to which the 
new lines observed only on the recent spectrograms have been re- 
duced. It is the results thus obtained that have been entered in the 
table. The intensities are estimates of the relative blackening pro- 
duced by the lines, but owing to the variable spectral sensitivity of the 
plates, these estimates for groups of lines in different portions of the 
spectrum are not comparable with each other. 


TABLE 1.— Wave lengths in the arc spectrum of chlorine 





Agir. I. A. Intensity Yyac Cm~! Term combination 





10, 427. 
10, 420. 
10, 392. 
10, 320. 
10, 315. 


10, 312. 
10, 305. 
10, 177. 
10, 091. 
10, 055. 


10, 002. 
9, 897. 
9, 875. 


9, 587. 
9, 594. 
9, 619. 48?Po,—4p'* Dix, 
9, 687. 
9, 691. 


9, 694. 
9, 701. 
9, 823. 48°Po,— 4p'Dix 
9, 906. 43°Pi,—4p'*Diy, 
9, 941. 


9, 995. 
10, 100. 
10, 122. 48°Poy,—4p*Dixg 
9, 815. 10, 184. 

9, 808. 10, 192. 48°D,—4p*Pix, (1D'D) 


3B. S.Sci, Papers, vol. 18 (S441), p. 191, 1922. 
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TABLE 1.—Wawve lengths in the arc spectrum of chlorine—Continued 





Aair. I. A. 


Intensity 


¥vac C=! 


Term combination 





9, 806. 
9, 774. 
9, 744. 
9, 702. 
9, 669. 


9, 661. 
9, 632. 
9, 608. 
9, 592. 
9, 584. 


9, 554. 
9, 486. 
9, 481. 
9, 452. 
9, 419. 


9, 400. 
9, 393. 
9, 371. 
9, 288. 
9, 212. 


9, 197. 
9,191. 6 
9, 121. 
9, 073. 
9, 069. 


9, 068. 
9, 045. 
9, 038. 
8, 948. 
8, 931. 


8, 918. 
8, 912. 
8, 846. 
8, 815. 
8, 759. 


8, 711. £ 
8, 686. 
8, 641. 
8, 628. 
8, 585. 


8, 577. 
8, 575. 
8, 550. 
8, 497. 
8, 494. 


8, 472. 
8, 467. 
8, 428. 
8, 422. 
8, 406, 20 





25 
1 
30 
40 
1 


20 
20 

4 
75 
50 


4 
25 





10, 194. 
10, 227. 
10, 259. 
10, 303. 
10, 338. 


10, 347. 
10, 378. 
10, 404. 
10, 422. 
10, 430. 


10, 462. 
10, 537. 
10, 543. 
10, 576. 
10, 613. 


10, 634. 65 
10, 642. 
10, 667. 
10, 762. 
10, 851. 


10, 869. 
10, 876. 
10, 960. 
11, 018. 
11, 022. 


11, 024. 
11, 052. 
11, 060. 
11, 172. 
11, 193. 


11, 209. 
11, 216. 
11, 301. 
11, 340. 
11, 412. 


11, 475 
11, 509 
11, 568. 
11, 586. 
11, 643. 


11, 654. 
11, 658. 
11, 692. 
11, 765. 
11, 769. 


11, 799. 
11, 806. 
11, 861. 6 
11, 870. 
11, 892. 72 





4s°Dox—4p?Pix, (1D!D) 


4s*Pi,—4p*Dix 
4s*Pox,— 4p' Ping 


48°Diy4— 4p?Pix,, (!1D'D) 
45°P,,, — 4p"Sir4 


49°Pix ~ 4p? D3x, 
4s*Pi,— 4p Pix 


48°Piy — 4p*Dir, 

4s*Povw = 4p' Pix. 

4s?Dov 7 ft tig (! D3P) 
48?Pou,— 4p? 

4s*Dsy,— Sp'Dirg, (}D5P) 


4s*Pyx4— 4p* Pin, 


4s°P,— 4p? Di, 
43°?Di,— 5p'Péxu, (DP) 


43°Pos— 4p'Sing 
4s!Pi,—4p'Pixy 
4s*Poy,— 4p* P34 
48°P ix — 4p?Sbs4 
4s*D,yq—4p*Fiyz, (!D'D) 


48°?Doy.—4p?F sx, (@D'D) 

4s?Py,— 4p? Pix, 

oll gg (@D'D) 
4s!Po.— 4p! 

48D... — 5p'Di, (DP) 


4p'Ding—4d' Dig 
4s?Piv, — 4p?Pix, 
4p! Dig — 4d* Dare 


4p! Dix, — 4d* Diss 


4s°D x, —5 Sirs, (!D®P) 
4s?P i. aia 4p Six 

4p! Dig a Ad'Dss, 
43°D.,—5p2Diy,, (1D3P) 
4s!Pix we 4p* D3 


4p*D31,— 4d! Dor, 
45'Po,—4p' Dir, 
48°Pix,— 4p? Pix, 

4p'Diyg—4d*D 


4p'Siu, — 4d? Dov, 
4p! D3, — 4d*D3x% 
4s*Pox,— 4p'* Dix, 


4p* D3, — 4d* Dox, 
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TABLE 1.—Wave lengths in the arc spectrum of chlorine—Continued 





Aair. I. A. Intensity | Yvac Cm=! Term combination 





11, 896.25 | 4p?Pi,—4d*Pox, 
11, 904. 88 
11, 912. 16 
11, 924. 81 
11, 929. 13 


11, 935. 4s*P.,— 4p*Dis, 
11, 965. 
11, 981. 
11, 996. 4s!Pi,—4p'Dix 
12, 000. 


12, 013. 
12, 028. 
12, 038. 4p?Piy, —68' Pi, 
12, 064. 
12, 072. 4p'Siu, — 42D 434 


12, 083. 4p? D3, — 4d*F y3, 
12, 086. 
12, 089. 
8, 267. 12, 091. 4p°Pi, — 4d?Doy 
8, 258. 12, 105. 


8, 255. 12, 109. ! 
8, 244. 12, 125. 

8, 226. 12, 152. 3: 
8, 221. 12,159.55 | 4s*P,—4p*Dx 
8, 220, 12, 161. ! 4s'Py, — 4p’Di, 


8, 212. 12, 173. 4s'P2.,— 4p'Djj, 

8, 206. 12, 182. 4p?P3s,— 68'Poxg 

8, 203. 12, 186. 4p°Dix,— 4d? F314 

8, 200. 12, 191. 4s*D,,—5p*Pix, (!D®P) 
8, 199. 12, 193. 48°Dox,—5p*Pix, (DP) 


8, 194. 35 12, 200.18 | 4s'P,.,—4p*Dix 
8, 175. 12, 228. 

8, 170. 12, 236. 4p°Six,—68' Py, 
8, 164. 12, 244. 

8, 161. 12, 249. 4p°Dix,—6s'Poxg 


8, 403. 70 
8, 397. 61 
8, 392. 48 
8, 383. 58 
8, 380 


8, 375. 
8, 355. 
8, 343. ¢ 
8, 333. 
8, 330. 


8, 321. 
8, 311. 
8, 304. 
8, 286. 
8, 280. 


8, 273. 
8, 271. 
8, 269. 
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oocorrK CO NORD we 


— 
AwOonn NO 


8, 129. 12, 297. 4p?Diy,—4d*F oy, 
8, 121. 12, 309. 4p'Siu,—4d*P is, 
8, 117. 12, 315. 

8, 115. 12, 318. 
8, 094. 12, 350. 4p? Dix — 4d!Pox, 


8, 087. 12, 361. 48°Diy,—4p? Dix, (@D'!D) 
8, 086. 6 12, 362. 4s°Dox —4p?D3x,, (1D1D) 
8, O85. ! 12, 364. 4s°D1,—4p"Diy, (1D1D) 
8, 084. : 12, 365. 4s?Dox,—4p*Dix, (1D'D) 
8, 051. 12, 417. 4s*Pox,— 4p?Sixy 


8, 044. 12, 427. 
8, 023. 12, 460. 4p'Diy — 4d*F nx, 

8, O15. 12, 472. 48?D 1, —5p*Pix, (DP) 
7, 997. 12, 500. 4s*P,y,—4p?Dix, 

7, 989. 12, 513. 
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TABLE 1.— Wave lengths in the arc spectrum of chlorine—Continued 





Aair- 1. A, Intensity ¥vec cm! Term combination 





7, 985. § 12, 518. 79 
7, 985. 12, 519. 
7, 980. 12, 526. 48'P2.—4p'Diy, 
7, 976. 12, 532. 4p' Pi, — 4d*Diy, 
7, 974. 12, 536. 4p'Di—40° Fg 


7, 968. 12, 545. 4p°Diy— 40 Day” 
7, 962. 12, 556. » 

7, 952. 12, 571. 4p*Diy — 40°F 334 
7, 940. 12, 589. 4p? Dix, — 68* Pay, 
7, 938. 12, 592. 


7, 935. 12, 598. 4p'D3y,— 4d*F sy, 
7, 933. 12, 600. 4p*D3y,— 4d* Fis 
7, 924. 12, 615. 48'Po,— 4p?Piy, 
7, 915. 12, 630. 4pPiy, — 4d* Doss 
7, 899. 12, 655. 4p*Piy, — 4d'Day 


7, 898. 12, 657. 4p?Piy, — 68*Poy 
7, 893. 12, 665. 

7, 886. 12, 677. 
7, 878. 12, 689. 4s*P2,—4p*Diy 
7, 872. 12, 698. 4p*Dii, — 40? F 254 


12, 701. 4p* Diy, — 4d? F's, 
12) 752. 4p'Diy, —68*P ay, 
12, 755. 48'P1,— 4p?Sixg 

12, 766. 4p*Piy, — 4d* Dix 
12° 774.74 | 4p'Dty—4d*F iy 


12, 782. 4p*P3,,— 4d*Day 
12, 791. 4p* Dix, —68* Pix 
12, 799. 4p*8ix,— 4d* Piss 
12, 807. 
12, 810. 


12, 813. 4n'D3y, — 4d*F ay, 
12' 819. 4p*Diy—4d?Diy, 
12, 832. 4p? Dix, — 6s* Pig 
7, 787. 12) 837. 4p'Diy—4d*F 3, 
(Pe ge g 12, 853. 4n*Diy — 4d*Pax 


ty 4040 12, 864. 65 4p* Pix, — 4d* Dos 
7, 769. 12, 867. 4p'P3,— 4d*Dax 
7, 758. 12, 886. 4p? D3, — 4d? Diy 
7, 754. 12, 891. 
7, 744. 12, 908. 4s*Poy, — 4p'Six 


7, 717. 12, 953. 4s'P,,—4p?Pix 
7, 714. 12, 958. 
7, 702. 12' 978. 4p'Piy, —4d'Dix, 
7, 697. 12, 987. 
7, 692. 12, 995. 4p* Diy — 68* Pix 


7, 672. 13, 030. 4s'P2,— 4p’ Dix 


7, 664. 13, 043. sities: Sie 

p* Din — 2% 
7, 659. 13, 052. { te aie 
7, 656. 86 13, 056. 4p*Diy—4d'Pix, 


7, 870. 
7, 839. 
7, 837. 
7, 830. 
7, 825. 


7, 821. 
7, 815. 
7, 810. 
7, 805. 
7, 804. 


7, 802. 
7, 798. 
7, 790. 
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TABLE 1.— Wave lengths in the arc spectrum of chlorine—Continued 





Asir. I. A. Intensity ¥vac Cm! Term combination 





7, 635. 
7, 633. 
7, 628. 
7, 600. 
7, 561. 


7, 547. 
7, 503. 
7, 496. 
7, 492. 
7, 489. 


7, 462. 
7, 459. 
7, 454. 
7, 444. 
7, 437. 


7, 435. 
7, 431. 
7, 414. 
7, 382. 
7, 372. 


7, 342. 
7, 342. 
7, 329. 
7, 296. 
7, 256. 


7, 252. 
7, 244. 
7, 194. 
7, 185. 
7, 146. 


7, 127. 
7, 125. 
7, 094. 
7, 086. 
7, 082. 


7, 075. 
7, 060. 
7, 058. 
7, 036. 
7, 021. 


7, 019. 
7, O11. 
7, 008. 
7, 006. 
6, 995. 


6, 981. 
6, 979. 
6, 977. 
6, 966. 
6, 962. 


13, 092. 30 
13, 096. 00 
13, 105.29 | 4p*D3,—6s'P2s, 
13, 154. 19 
13, 221. 


13, 246. 4s'P,,—4p'St 

13, 322. 4p'Dig— 4d*Dix, 
13, 335. 
13, 343. 4p*D3y,— 68' Pov 
13, 348. 4p'Diy,—6s'P 15, 


13, 396. 4p*Diy — 4d! Pi, 
13, 402. 4p*Diy,— 4d? Dax 
13, 410. 4p*Dix, —68*Pox, 
13, 429. 48'Pix,—4p?Piyg 

13, 441. : 


13, 444. 4n*D3y,— 4d! Pax 
13, 452. 
13, 484. 10 4s*P..—4p?Pix 
13, 541. 88 
13, 559. 91 4n* Diy, —4d* Pix 


13,615.15 | 4p*Diy—6s'Pox 
13, 616.52 | 4p*Ps,—4d?P x, 
13, 640.06 | 4p*D3y,—4d?Dox, 
13, 701. 66 

13, 776. 4s'P2,—4p'Siy, 


13, 784. 
13, 799. Ap'Sty,—40Pry, 
13, 894. 4p*P§x,—4d* Fix, 
13, 912. 4p'Di,,—4d!P 5, 
13, 989. 


14, 026. 4p'P3,— 4d* Fax 
14, 030. 
14, 092. 4p?Pi,— 4d°Pix 
14, 106. 4p'Piy,—6s'P oy, 
14, 115. 4n'*Pii,—6s*Pix 


14, 129. 4p'Piy,—4d*F yy, 
14, 160. 4p*Diy— 4d! Pos 
14, 163. 4p°Siy,—5d* Dox, 
14, 208. 4p'Piy,—4d' Po, 
14, 237. 


14, 242. 
14, 258. 
14, 265. 4p*P3,—40? Fox 
14, 268. 4p? Pi, — 4d? Pox 
14, 290. 4p°Sty,—4d?P 54 


14, 318. 4p'*Pix,—68* Pox 
14, 323. 4p?Pin— 5d! Foy, 
14, 328. 
14, 349. 4p* Pi, —6s*Pi, 
14, 358. 70 
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TaBLE 1.—Wave lengths in the arc spectrum of chlorine—Continued 





Asie. I. A. Intensity Yvac Cm! Term combination 





bn 


OOD AMVINnc 


14, 420. 4p*P3y,— 4d! Pox, 
14, 435. 
14, 437. 
14, 467. 4pSty,— 4d? Poy, 
14, 546. 4p?Diy,— 4d?P 3, 


14, 561. 4p*Pi, —6s'P 13, 
14, 585. 
14, 612. 4p'Stx,— 5d?D 1, 
14, 615. 4p*P 3x, — 4d? Dox, 
14, 620. 4p°Dix, — 5d! Day, 


14, 666. 4p*Dix,— 5d* Dis 
14, 677. 4p'Piy, —4@°D 15, 
14, 680. 4p'P3,,—4a'P,;, 
14) 719. 4p'Ding—5d*Doxs 
14, 723. 4p? Diy, — 4d? Pox, 


14, 735. 4p*Pi,—6s'Pox, 

14, 777. 4p*Dix— 5d*F ax 
14) 783. 4p'Diyg—5d*Dox, 
14, 788. 
14, 793. 


14, 807. 4p*Piyg— 52D 
14, 854. 22 4p'Siy, — 5d? Fax 
14, 869. 33 4p'Di,,—5d'D 
14,888.71 | 4p'Pi,—4@°D, x 
14, 899. 


14, 914. 4n*Piy,—4d! Pix, 
14, 922. 4p*Dix— 5d*Doxs 
14, 926. 4p°Sty,—5d*Poy, 
14, 969. 4p*Pix,—6s8*Pox, 
15, 024. 


15, 049. 4p'Diy—4d?P i 
15, 062. 

15, 068. 4p*D3y,—5d'Day, 
15, 072. 
15, 121. 


15, 126. 4n*P3,—4d*Pix, 
15, 136. 4n* D3, — 5d* Dox, 
15, 147. 4p? Pi, —5d? Foy, 
15, 222. 64 4p*D3y—5d'*Dix, 
15, 226. 4p* Diy, — 4d? Pox, 


15, 259. bi fil 
4p? Diy — 5d? Dox, 
15, 261. { PDbx— : oP 
P* Pixs — 4d* Pox 
15, 280. { 1D 5 a 


6, 932. 
6, 925. 
6, 924. 
6, 910. 
6, 872. 


6, 865. 
6, 854. 
6, 841. 
6, 840. 
6, 837. 


6, 816. 
6, 811. 
6, 810. 
6, 791. 
6, 790. 


6, 784. 
6, 765. 
6, 762. 
6, 760. 
6, 757. 


6, 751. 
6, 730. 
6, 723. 
6, 714. 
6, 709. 


6, 703. 
6, 699. 
6, 697. 
6, 678. 
6, 653. 


6, 643. 
6, 637. 
6, 634. 
6, 632. 
6, 611. 


6, 609. 
6, 604. 
6, 600. 
6, 567. 
6, 565. 


6, 551. 
6, 550. 


6, 542. 


— fad 


— 
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6 
5 
5 
2 
3 
5 
3 
2 
1 
3 
2 
2 
5 
4 
5 
4 
4 
1 
6 
3 
2 
0 
1 
1 
2 
0 
0 
1 
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15, 295. 48 
15, 306.45 | 4p*D3,—5d'Day, 
15, 314. 12 

15, 318. 02 
15, 359.11 | 4p*Diy—5d°Dix, 


6, 536. 
6, 531. 
6, 528. 
6, 526. 
6, 509. 00 


i] 
Nr oore 
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TABLE 1.— Wave lengths in the arc spectrum of chlorine—Continued 





Aagir, L. A. Intensity ¥vac Cm~! Term combination 





6, 502. 
6, 492. 
6, 490. 
6, 485. 
6, 475. 


6, 471. 
6, 464. 
6, 457. 
6, 455. 
6, 452. 


6, 450. 
6, 443. 
6, 440. 
6, 434. 
6, 425. 


6, 409. 
6, 408. 


6, 398. 
6, 395. 


6, 394. 
6, 376. 
6, 373. 
6, 371. 
6, 367. 


6, 366. 
6, 366. 
6, 361. 
6, 347. 
6, 342. 


6, 341. 
6, 337. 
6, 334. 96 
6, 329. 65 
6, 326. 74 


6, 321. 59 
6, 304. 94 
6, 280. 
6, 276. 
6, 274. 


6, 252. 
6, 242. 
6, 231. 
6, 228. 
6, 226. 


6, 211. 
6, 194. 
6, 165. 
6, 162. 
6, 159. 80 


15, 375. 4p'Diy—5d'Dax 
15, 397. 
15, 402. 4p* Dix, — 4d? Pix 
15, 415. 
15, 437. 


15, 448. 
15, 464. 4p'Diy —5d*F 13, 
15, 482. 4p*Dixg — 5d* Poy, 
15, 487. 
15, 492. 


15, 498. 4pDiy,—5d°F x, 
15, 514. 4p'Piy, —4d'Poy, 
15, 523. 
15, 536. 4n* Dix — 5d'*F 3x 
15, 558. 


15, 597. m aah 

4p? Divs — Sd? Faye 
15, 601.07 HePaDgs—SeDe 
15, 624.04 | 4p*D3x—5d' Fy, 
15, 631. 29 


15, 633.52 | 4p'Di,—5d'Fx, 
15, 678. 80 
15, 685. 96 4p* Dix, — 5d* Poy 
15, 690. 81 
15, 699.23 | 4p*Diy—5a°Dix | 


15, 702. 
15, 703. 
15, 715. 
15, 751. 
15, 761. 


15, 764. 39 4n* Diy, — 5d? Dix, 
15, 774. 51 4p* D3 — 5d* F'33, | 
15, 781. 06 
15, 794. 30 
15, 801. 57 


15, 814. 
15, 856. 4p* D3, — 5d* Pax 
15, 918. 
15, 928. 
15, 933. 


15, 989. 4p'*P§,—5d* Di, 
16, 014. 4p'Diy, — 5? F 3x, 
16, 043. 4p'Pix = 5d* Dox, 
16, 050. 
16, 056. 


16, 094. 4p Dix — 5d‘*P2, 
16, 138. 4p'Pix —_ 5d*Dox, 
16, 215. 4p'D3y — 5d?Di3, 
16, 223. 4p*Pix — 5d'*Di, 
16, 229. 
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TABLE 1.—Wave lengths in the arc spectrum of chlorine—Continued 





het. 1: as Intensity ¥vac CI~! Term combination 





6, 157. 
6, 151. 
6, 141. 
6, 140. 
6, 127. 


6, 114. 
6, 110. 
6, 082. 
6, 076. 
6, 073. 


6, 058. 
6, 042. 
6, 040. 
6, 037. 
6, 019. 


6, 003. 
5, 991. 
5, 972. 
5, 969. 
5, 965. 


5, 948. 
5, 936. 
5, 934. 


5, 930. 


16, 234. 
16, 252. 4p* Dix — 5d? F's, 
16, 277. 4p'Pix sme 5d‘ Dox 
16, 281. 4p' Pi, — 5d" Ds 
16, 316. 


16, 350. 4p*Piy, — 5d*Day, 
16, 361. 
16, 435. 4p*P3y, — 5d*Dix, 
16, 452. 
16, 460. 


16, 501. 
16, 545. 
16, 550. 
16, 559. 
16, 607. 


16, 653. 
16, 685. 

16, 738. 08 
16, 746. 18 
16, 757. 83 


16, 806. 60. | 4p*P3.—5d*Pox, 
16, 841. 14 

16, 847. 38 | 4p'Pi,—5d*Fay, 
4p'Diy, — 6d*D3 


tn 
eRe or © Oe bob 


ao Kor NONKO OYKNKO 


16, 857. { sp BaP, 


5, 916. 
5, 910. 
5, 908. 
5, 889. 
5, 880. 


5, 877. 
5, 866. 
5, 864. 
5, 861. 
5, 856. 


5, 847. 
5, 846. 
5, 844. 
5, 842. 
5, 839. 


5, 827. 
5, 826. 
5, 819. 
5, 817. 
5, 808. 


5, 806. 
5, 802. 
5, 799. 
5, 796. 
5, 774. 


16, 897. 
16, 913. 
16, 920. 4p*Diy, — 6d*Day, 
16, 975. 

16, 999. 


17, 009. 
17, 040. 4p Phy, — 5d* Poss 
17, 047. 
17, 056. 
17, 069. 4p'P3, -* 5d*Pox, 


17, 096. 4p* D3, — 6d* Ds, 
17, 098. 
17, 106. 4p'Pty, —5d*P 1x 
17, 111. 
17, 118 4p*Piy, — 5d?Day, 


17, 155. 
17, 158. 4p* D3, — 6d‘*D.x, 
17, 179. 
17, 184. 
17, 211. 


i 216. 4p*Piy — 5d? Dix, 
17, 228. 4p'Piy — 5a? F's, 
17, 236. 
17, 247. 
17, 312. 07 
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TABLE 1.— Wave lengths in the arc spectrum of chlorine—Continued 


(Vol. 10 





Asir- I. A. 


Intensity 


Yvac CM~! 


Term combination 








5, 772. 
5, 769. 
5, 763. 
5, 765. 
5, 726. 


5, 711. 
5, 702. 
5, 686. 
5, 673. 
5, 660. 


5, 654. 
5, 620. 
5, 582. 
5, 580. 
5, 578. 


5, 549. 
5, 541. 
5, 532. 
5, 512. 
5, 493. 


5, 484. 
5, 464. 
5, 401. 
5, 376. 
5, 338. 


5, 315. 
5, 307. 
5, 231. 
5, 140. 
5, 099. 


5, 074. 
4, 976. 
4, 952. 
4, 852. 
4, 818. 


4, 818. 
4, 796. 
4, 740. 
4, 721. 
4, 691. 


4, 677. 
4, 674. 
4, 661. 
4, 654. 
4, 633. 


4, 631. 
4, 623. 
4, 601. 
4, 580. 
4, 578. 


4, 548. 
4, 545. 
4, 526. 


4, 491. 05 


4, 475. 31 


—_ 


—_ —_ 


— 


5 
2 
2 
3 
5 
1 
1 
1 
1 
2 
1 
1 
1 
3 
3 
1 
1 
8 
4 
3 
1 
1 
1 
1 
2 
1 
2 
2 
5 
8 
1 
0 
1 
8 
2 
3 
2 
0 
8 
2 
7 
2 
8 
0 
0 


ne 
or -FWOOF- 








17, 318. 48 
17, 328. 15 
17, 331. 34 
17, 339. 60 
17, 458. 


17, 503. 
17, 532. 
17, 581. 
17, 622. 
17, 659. 


17, 681. 
17, 786. 
17, 908. 
17, 914. 
17, 922. 


18, 015. 
18, 042. 
18, 071. 
18, 134. 08 
18, 199. 48 


18, 227. 
18, 295. 
18, 507. 
18, 594. 93 
18, 728. 


18, 809. 
18, 835. 
19, 110. 
19, 448. 
19, 603. 


19, 701. 
20, 088. 
20, 185. 
20, 601. 
20, 746. 


20, 747. 
20, 841. 
21, 088. 01 
21, 174. 97 
21, 309. 


21, 371. 
21, 387. 
21, 447. 
21, 480. 
21, 574. 


21, 584. 23 
21, 620. 
21, 728. 
21, 825. 
21, 836. 


21, 981. 
21, 994. 
22, 087. 
22, 260. 
22, 338. 





4p'P3,— 5d! Pix, 
4p*P3.,— 5d? Dox, 
4p*Pix — 5d? Fox 


4p* Pix, — 6d* Dox, 


4p*P3,— 6d‘*D3, 
4p Pi, aes 6d*Dox 


4s*Pox —_ 4p’Pix , @PID) 
4s*Pox.— 4p?Pixe, (?P!D) 


4s?P\,—4p’Pix, @P!D) 


48°P,— 5p* Diy, 
4s? Po, — Sp*Sixg 


43°Pi,— 5p*Pixg 
48*Pox, — 5p? Dig 
43°Pi,— 5p Dix, 
4s°Pi,— 5p Dix, 
4s°Pi,— 5p*Dixg 


48? Pi, — Sp*Sing 
48°Pi,— Sp*Six 
4s?Po.— 5p*Pix 
48°Pi,— 5p? Dix, 


48° Pon — 47° Dis @P!D) 
48s?Po.— 5p? 3% 
4s'Piy,—4p*Piye, @P!D) 
4s*Pox.— 5p*Pix 


4s*Pi,— 5p*Pix 
4s*P1,— 5p?Pix 

48°Pi,— 4pDi,, @P!D) 
4s*Pi,— 5p* Dis, 
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TABLE 1.— Wave lengths in the arc spectrum of chlorine—Continued 





Nair. I. A. Intensity Yveo Cm~! Term combination 





4, 469. 18 22, 368. 48?Pi4,— 5p? Pix, 
4’ 446. 4 22° 485, 43P i, —5p'Piyg 
4, 445. +t 22, 486. 4s*Pox.— 5p! Dig 
4, 438. 20 22, 523. 4s*Po,— Sp*Pi, 
4. 403. 15 22) 705. 4s'Ps,—5p*Phng 


4, 402. 22, 707. 4s'Py.—5p*Dix 
4, 390. 22, 770. 4s'Pox, — 5 p?Sty, 
4, 389. 22, 773. 4s*Po,—5p'Diy, 
4, 387. 22, 785. 4s*Po.— 5p'Sty, 
4, 379. 22, 825. 4stPiy,—5p* Dig 


4, 371. 22, 868. 4s*P.,— 5p* D3, 
4, 369. 22, 879. 4s*Po, — 5p? Diy 
4, 363. 22, 912. 4s'Piy— 5p’ Dix, 
4, 337. ] 23, 046. 4s*Pi,—5p*Dix 


4, 323. 23, 123. 4s!Pi,— 5p'Six 
4, 305. 23, 219. 4s*Po,— 5p? Di 
4, 280. 23, 355. 4s*P.,—5p' Dix 
4, 264. 23, 442. 4s*P..— 5p’? Dix, 


4, 226. 23, 653. 4s'Po,— 5p'Sty 
4, 209. 23, 748. 48'Po—5Sp?Diys 
4. 147. 24, 105. 4s'Pi,— 5p" Pix, 
4, 139. 24, 153. 


4, 104. 24,354.99 | 48*P..—5p*Pt, 
4, 032. 24, 793. 75 
3, 992. 25, 037. 96 
3, 944. 25, 342. 74 




















d=double. 


A detailed description of the theoretical term structure of neutral 
chlorine is given in RP73. Ali the prominent lines of the spectrum 
belong to three families of terms which have *P, 'D, and 'S of Cl 1 as 
limits. The terms of these families arise when one of the p electrons 
of the configuration 3s*.3p* becomes an ns, np, nd ... electron in the 
process of excitation. A much less conspicuous group of terms will 
arise when one of the s electrons is removed from the configuration 
3s".3p° and approaches *P° or 'P° from the configuration 3s.3p° of 
Cl 1 as limits. In table 2 are given the term groups resulting from 
the excitation processes just outlined. 


TABLE 2.— Theoretical terms of Cl I 





Electron Limiting terms of Cl 1 


configura- 
tions 1D 3p° 1pe 
’ 








382.35 sp° 
3s?.3p'.ns 2p 4p 2D 
38?.3p4.np 2G° 2P° 2])° 4G° +po ao 2P° 21° 2° 
—— 2P2D7F,{P,4D,tF 28,°P,2D2F 2G 
S$, p® 























838 Bureau of Standards Journal of Research { Vol. 10 


The revised list of Cl 1 terms is given in table 3. Comparison with 
the corresponding table of RP73 will show the following corrections 
and extensions. New values have been assigned to the *S° terms of 
the 4p and 5p groups, which otherwise remain unchanged; the nd 
groups, in which only the *D term had previously been established 
with certainty, are now practically completed, with the finding of 
the ‘F and ‘P terms, and also the corresponding doublet terms; the 
terms with Avy=1.70, previously provided with the symbol 7X, are 
now definitely designated as 4s?D belonging to the 'D family. With 
the terms now established for Cl 1 a total of 269 lines, or 61 percent 
of those given in table 1, has been classified. This is approximately 
twice the number classified in RP73. 

It should be noticed that the total quantum numbers of the nd 
electrons have been increased by 1. Although the terms coming 
from the 3d electron have not been established, yet there is good 
reason to believe that they are not of the same order of stability as 
those of the 4s electron. deBruin’s‘ analysis of singly ionized argon, 
which is isoelectronic with neutral chlorine, shows that the 3d terms 
have nearly the same values as those of the 4s electron; but in the 
arc spectrum of argon the 3d terms lie about 20,000 cm~ higher than 
the 4s terms. Similarly, in Cl 1 the analysis of Kiess and deBruin ‘ 
shows that the 3d terms are next in stability after the 4s terms; but 
if the Cl 1 terms of the nd sequences are approximately represented 
by Rydberg’s formula then those of the 3d electron should fall close 
to the level of the 4p terms, near 18,000 cm™, in which case the lines 
through which they must be established will lie in the infrared 
beyond the limit reached in table 1. 


TABLE 3.—Observed terms of Cl 1 





Term Series Term Series 
type electron type electron 





*Pi, | 104, 991 \ ‘Di | 21, 101. 
P 


Py, | 104, 110 ‘Di, | 20, 863. 
‘Px, | 38, 037. 00 ‘Dix | 20, 510. 
‘Pus | 82, 506. 80 ‘Dix | 20, 306. 
‘Py, | 32, 168. 36 as+4P | *Diyg | 20, 347. 
*Pi. | 80, 769. 56 “Di, | 20, 006. 
2Py, | 30, 129. 76 *S%, | 19, 751. 
2D, | 20, 875. 32 2Pr, =| 19, 552. 
2D, | 20, 873. 62 2Px, | 19, 077. 
‘Py, | 22, 076. 46 ‘Siz | 19, 260. 
‘Pi, | 21, 864. 41 onto 4p+3P | 2Py, | 10, 681. 


233. 96 
‘Ps, | 21, 680. 45 2Px, | 10, 526. 


* Proc. Acad. Sci. Amsterdam, vol. 31, p. 771, 1928; vol. 33, p. 198, 1930. 
§ Soon to be published in Bureau of Standards Journal of Research. 
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TABLE 3.—Observed terms of Cl t—Continued 





ies Series Term - Series 
electron type electron 


‘Pox 6, 349. 
Fig 8, 161. 
Fox, 7, 811. 
Days 7, 461. 4d+3P 
Diy 7, 187. 
2P iy, 5, 460. 
2P ox, 5, 284. 
‘Pi 7, 757. 
‘Pix, 7, 514. 
‘Po 6, 895. 
‘Days 5, 794. 
‘Day 5, 726. 
‘Dix 5, 640. 
Doss 5, 587. 
Fux 5, 477. 
‘Fig 5, 326. 
‘Fig 5, 229. 
‘Fi 5; 045. 
‘Pay 5, 006. 
‘Pig 4, 758. 
‘Pox, 4, 823. 
Fy, 4, 848. 
Fig 4, 405. 
2Day, 4, 745. 
Dix, 4, 648. 
‘Days 4, 005. 


706. 20 Joa-teP 
‘Dix 3, 942. 
600. 42 |] 





4p+'D 
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THE EFFECT OF GASOLINE VOLATILITY ON THE 
MISCIBILITY WITH ETHYL ALCOHOL 


By Oscar C. Bridgeman and Dale W. Querfeld 


ABSTRACT 


Data are presented on the effect of the volatility of gasoline on its miscibility 
with ethyl alcohol containing various amounts of water. Samples of gasoline 
having different volatilities were obtained by two methods—first, fractional 
distillation of an original gasoline and second, blending of refinery and natural 
gasolines. The more volatile gasolines were found to be more miscible with 
alcchol, in that they produced mixtures having lower critical solution tempera- 
tures than similar mixtures containing less volatile gasoline. Comparatively 
small differences were found in the miscibility with ethyl alcohol of gasolines 
having the same volatility but different composition. 


CONTENTS 


I. Introduction 

II. Description of gasoline samples 
III. Experimental data 
IV. Conclusions 


I. INTRODUCTION 


In a previous paper! data were presented on the critical solution 
temperatures of mixtures, in various proportions, of eight different 
gasolines with ethyl alcohol containing various percentages of water. 
The experimental results were suggestive in indicating that differences 
in the volatility of various gasolines might account for most of the 
differences found in the critical solution temperatures of mixtures of 
ethyl alcohol and these gasolines. Differences in the crude from which 
the gasoline was refined, or differences in composition of cracked and 
straight-run gasolines of about the same volatility, appeared to have 
comparatively little effect on the critical solution temperatures. In 
order to obtain more direct experimental evidence regarding the effect 
of the volatility of gasoline on its miscibility with ethyl alcohol, the 
investigation described in the present paper was undertaken. 


II. DESCRIPTION OF GASOLINE SAMPLES 


Three of the gasolines used in the previous investigation were 
“topped’’, so as to reduce the temperature at 90 percent evaporated 
to approximately the same value in the three cases. This “topping” 
process was accomplished by distilling the gasoline in a laboratory 





1 Bridgeman and Querfeld, Critical Solution Temperatures of Mixtures of Gasoline, Ethy] Alcohol and 
Water, B.S. Jour. Research, vol. 10 (RP560), p. 693, May 1933. 341 
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still, stopping the distillation at an appropriate stage, and discarding 
the residue left in the distillation flask. Distillation of the product 
thus obtained, employing A.S.T.M. standard method D86-30, was 
used to determine when a sufficient percentage of the distillate had 
been collected. By the above procedure, the 90 percent temperatures 
of gasolines nos. 1, 7, and 8 were reduced by 46°, 38°, and 41° C, 
respectively, to a value which was close to 152° C. in all three cases, 
This particular value of 152° C. was chosen since the volatility of the 
Pennsylvania straight-run gasoline no. 1, after removal of the heavier 
fractions, was thereby made almost identical with that of the Ru- 
manian straight-run gasoline no. 2, and permitted a direct comparison 
of the critical solution temperatures for two gasolines of the same 
volatility but of widely different chemical characteristics. 

In order to evaluate the effect on critical solution temperatures 
produced by lowering the 10 percent distillation temperature si the 
gasoline, blends of natural gasoline with gasoline no. 1 were prepared. 
Two different natural gasolines were employed and the blends con- 
tained 10, 20, and 30 volume percent of the respective natural gasoline. 
These blends were prepared at 0° C. in order to minimize evaporation 
of the lighter constituents. In addition to the measurements made 
on the above gasolines and blends, some supplementary data were 
obtained on six commercial gasolines, presumably mixtures of straight- 
run and cracked products. 

Distillation and specific gravity data are given in table 1 for the 
various gasolines and blends, and for the two natural gasolines used in 
blending with gasoline no. 1. 


TABLE 1.—IJdentification data on gasolines 





Distillation temperatures at 
stated percentages evapo- 
ra 

Description 





10 per- 50 per- 90 per- 
cent cent 





wt 
Straight-run Pennsylvania 
Gasoline no. 1 distillate 
Straight-run Rumania 
Cracked gasoline 

Gasoline no. 7 distillate 


Cracked gasoline 

Gasoline no. 8 distillate 

10 percent natural gasoline A+90 percent no. 
20 percent natural gasoline A+80 percent no. 


RSS SFSSS 


30 percent natural gasoline A+70 percent no. 
10 percent natural gasoline B+90 percent no. 
20 percent natural gasoline B+80 percent no. 
30 percent natural gasoline B+70 percent no. 


42BE 


do 
Natural gasoline A 
Natural gasoline B 


SRSR SSSE 























| 
1 


Seto > SS 


a Pd RPOaAPT 


Bridger”) Critical Solution Temperatures 843 


III. EXPERIMENTAL DATA 


The apparatus and procedure used in the present work were 
identical with those previously described. A description of the 
aqueous ethyl alcohol solutions employed is given in table 2. 


TABLE 2.—Concentrations of ethyl alcohol solutions 





60°/60° Volume | Volume 60°/60° Volume | Volume 
specie | Pareant | Deroent . | specie | Bereant | Percent 
gravity | roe | Me gravity | geet | ae 





0. 79820 99. 144 1.110 
. 99. 131 1.127 
. 79835 99, 112 1.151 


98. 337 2. 133 
98. 325 2. 149 
98. 344 2. 124 
98. 318 2. 157 


97. 528 3. 139 
97. 492 3. 182 
97. 479 3. 199 
97. 479 3. 199 


96. 763 | 4.145 
96. 679 4.175 
96. 672 4. 184 
96. 645 4. 216 


PPO OOOH 


























With each of the three fractionated gasolines, mixtures containing 
from 10 to 90 volume percent of gasoline, by even steps of 10 percent, 
were prepared with the alcohol solution of each concentration, and 
measurements of the critical solution temperature were made. No 
measurements were made on those mixtures having critical solution 
temperatures outside of the approximate range from +65° C. to 
—65° C. The data on the three gasolines are given in tables 3, 4, 
and 5 where for comparison the values previously obtained on the 
gasolines before fractionation are also included. It is seen that the 
decrease in the 90 percent distillation temperatures of the gasolines 
has produced a marked lowering in the critical solution temperatures. 
This lowering is shown graphically in figure 1 for fuels nos. 9 and 1, 
the latter being the original gasoline. The lowering in critical solu- 
tion temperature as the result of removing the heavier fractions of 
the gasoline becomes less (a) as the percentage of gasoline in the 
mixture increases and (b) as the percentage of water in the alcohol 
solution increases. For mixtures with the alcohol solution of the C 
series (97.5 percent alcohol), the lowering in critical solution temper- 
ature resulting from the average decrease of 42° C. in 90 percent 
distillation temperature was on the average 18° C. for mixtures con- 
taining 50 percent gasoline and 7° C. for mixtures containing 90 
percent gasoline. 
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Figure 1.—Comparison of data on the critical solution temperatures of mixtures 
in various proportions of ethyl alcohol and gasolines nos. 1 and 9 
Gasoline no. 9 is the more volatile fraction of gasoline no. 1 and the differences between the curves rep- 


resent the effect of change in volatility. The letters between each pair of curves indicate the alcohol solu- 
tions used, the concentrations of which are recorded in table 2. 


TABLE 3.—Critical solution temperatures in ° C. of alcohol mixtures with gasolines 
nos. 9 and 1 





solution 


Alcohol} 


Volume percent gasoline in mixture 
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TaBLE 4.—Critical solution temperatures in ° C. for alcohol mixtures with gasolines 
nos. 10 and 7 





Volume percent gasoline in mixture 
Alcohol 


solution 
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TABLE 5.—Critical solution temperatures in ° C. for alcohol mixtures with gasolines 
nos. 11 and 8 





Volume percent gasoline in mixture 
Alcohol 
solution 
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1 Solution E2. 


For the blends of gasoline no. 1 with the two natural gasolines, 
measurements of the critical solution temperature were made only 
on alcohol mixtures containing 50 and 75 percent of the blend, since 
the primary object of the research was to investigate this range. The 
results obtained are given in tables 6 and 7. The slight differences in 
alcohol content of the different solutions used are not sufficient to 
vitiate the comparison, being equivalent to less than 1° C. difference 
in critical solution temperature. The data for the mixtures contain- 
ing 75 percent of gasoline are shown graphically in figures 2 and 3, 
where the volume percent of water in the mixture is plotted against 
the critical solution temperature. Decrease in the 10 percent dis- 
tillation temperature of the gasoline by addition of natural gasoline 
results in a lowetias of the critical solution temperature, which on 
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Figure 2.—Data on the critical solution temperatures of mixtures containing 25 
ercent of —_ alcohol of various water contents and 76 percent of blends of gaso- 
tne no. I with natural gasoline A in the proportions indicated on the curves. 
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Figure 3.—Data on the critical solution temperatures of mixtures containing 26 


percent of ethyl alcohol vA various water contents and 76 percent of blends of gasoline 
no. 1 with natural gasoline B in the proportions indicated on the curves. 
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the average is 4° C. for each 10 percent addition of natural gasoline A 
and 3° C. for each 10 percent addition of natural gasoline B. For 
mixtures with the alcohol solution of the C series (97.5 percent 
alcohol), the lowering in critical solution temperature resulting from 
a decrease in the 10 percent distillation temperature of 20° C. was 
about 8° C. on the average, being only slightly different in the case 
of the two natural gasolines. 


Critical Solution Temperatures 


TaBLE 6.—Critical solution temperatures in ° C. for alcohol mixtures with gasolines 
containing various added percentages of natural gasoline A 





50 percent gasoline in | 75 percent gasoline in 
mixture mixture 
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Gasoline no. 


natural 
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Alcohol 
solution 


Critical 
solution 
tempera- 
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solution 


Critical 
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tempera- 
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TaBLE 7.—Critical solution temperatures in ° C. for alcohol miztures with gasolines 





Gasoline no. 


Amount of 
natural 
gasoline B 


50 percent gasoline in 
mixture 


75 percent gasoline in 
mixture 





Alcohol 
solution 


Critical 

solution 

tem pera- 
ture 


Alcohol 
solution 


Critical 

solution 

tempera- 
ture 





"Cc. 
—37.4 


°C. 
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Since the Pennsylvania gasoline no. 9, produced by topping gaso- 
line no. 1, has the same volatility as the Rumania gasoline no. 2, 
within experimental error, a direct comparison is possible between 
the critical solution temperatures of two gasolines of equal volatility 
but of widely different chemical characteristics. Data on these two 
gasolines are given in table 8, and it is seen that gasoline no. 2 has 
somewhat lower critical solution temperatures. The difference is 
almost constant, being on the average 6.7° C. This difference repre- 
sents about the maximum which is likely to be found between any 
two straight-run gasolines of the same volatility refined from different 
crude oils. Greater differences might be found, however, between a 
straight-run and a 100 percent cracked gasoline of equal volatility. 
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TABLE o-Aegernee, of critical solution temperatures in ° C. for miztures with 
alcohol of the Pennsylvania gasoline no. 9 and of the Rumania gasoline no. 2 of 
equal volatility 





Alcohol Volume percent gasoline in mixture 
solu- 
tion 
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70 






































—54.0 | —49.1 
0 | —60.7 | —55.6 
35.2 | —28%.1 | —23.9 
201 43.6 | —35.3 | —30.4 
7 —15.0| —89] —3.9 
Ae —21.5 | —15.0| —10.8 
. . 1,0 7.5 12.1 
ae 65| -54| -—.2| 658 
+e) 5.5| 145] 20.3] 261 
5.0 —1.3 8.5 14.0 19.7 
, 17.4 26. 2 31.6 33.8 
at 1.1] 20.1] 25.6| 324 
a 23.2] 36.7 3] 50. 
48 22. 2 30. 7 5 44. 
’ 38.3 46.1 
9.9 82. 2 40.7 
. 
L5 As a supplement to the information presented in this _ and 
3.0 the previous one, some data were obtained on six branded gasolines 
1 purchased on the open market, and are given in table 9. The differ- 
* ences in the critical solution temperatures of comparable mixtures 


containing any of the six commercial gasolines are very small. 


TABLE 9.—Critical solution temperatures in °C. for alcohol mixtures with various 
commercial gasolines 
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(6) 75 PERCENT GASOLINE IN MIXTURE 
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IV. CONCLUSIONS 


The present work indicates that an increase in the volatility of a 
gasoline produces a marked lowering in the critical solution tempera- 
tures of its mixtures with ethyl alcohol. Differences in the critical 
solution temperatures of mixtures containing gasolines of the same 
oe but of different composition were found to be comparatively 
small. 


WasHineTon, April 15, 1933. 
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CREEP AND STRUCTURAL STABILITY OF NICKEL- 
CHROMIUM-IRON-ALLOYS AT 1,600° F. 


By W. A. Tucker and S. E. Sinclair 


ABSTRACT 


A study was made of the creep characteristics at 1,600° F. (870° C.) of 15 
alloys covering a range from 1 to 75 percent nickel and from 3 to 55 percent 
chromium. The results were compared with those of a previous investigation at 
1,000° F. (538° C.) on similar oe ig 

In the investigation at 1,000° F. (538° C.) of the nickel-chromium-iron sys- 
tem, it was found that the ‘alloys containing little or no iron, 50 to 80 percent 
nickel and 20 to 50 percent chromium exhibited the greatest resistance to creep. 
At 1,600° F. (870° & ), the strongest alloys are those containing approximately 
equal parts of nickel and chromium, and not more than 30 to 40 percent iron. 

As part of a metallographic study the attempt was made to distinguish be- 
tween the effect on structure of elevated temperature alone and of elevated tem- 
perature and stress combined. A comparison was made between the structure 
in specimens used in the cree P test and that in the unstressed specimens of the 
same alloys annealed at 1,600° F. (870° C.) for periods ranging from 100 to 1,000 
hours or quenched in iced brine from that temperature. fh nearly all cases the 
quenched specimens were similar in structure to the annealed materials which 
indicates that these alloys were not readily heat treated. 

Carbide precipitation and agglomeration of the carbide at the grain boundaries 
were most pronounced in both the binary iron-chromium alloys and the ternary 
iron-chromium-nickel alloys of higher chromium content. Prolonged heating, of 
both stressed and unstressed specimens, did not produce any pronounced changes 
in the structure of the binary iron-chromium alloys or the ternary alloys except 
those containing 50 percent or more of nickel. 


CONTENTS 
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1. Creep tests 
2. Microstructura] examination 


1. Rates of creep 
2. Microstructural changes 
. Discussion 
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. Summary 


I. INTRODUCTION 


The stresses producing creep of 1 percent in 1,000 hours in a number 
of cast nickel-chromium-iron alloys at 1,000° F. (538° C.) have been 
reported by French, Kahlbaum, and Peterson.! The present study 





1 H.J. French, Wm. Kahlbaum, and A. A. Peterson, Flow Characteristics of Special Fe-Ni-Cr Alloys and 
Some Steels at Elevated Temperatures, B.S. Jour. Research, vol. 5 (RP192), pp. 125-183, July 1930. 
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gives information on creep at 1,600° F. (870° C.) of similar materials, 
together with observations on the accompanying structural changes. 
To facilitate the comparison of the results of the earlier work with 
those of the present tests, the data of the earlier tests have been sum- 
marized graphically and included in this report to show the rates of 
creep at 1,000° F. 

II. MATERIALS 


The alloys used are listed in table 1. They cover a range from 1 to 
75 percent nickel and from 3 to 55 percent chromium. Eight alloys 
(72 to 79, inclusive, table 1) were kindly prepared for this investigation 
by the Michiana Products Corporation, Michigan City, Ind. The 
preparation was similar to that employed at this Bureau for the cor- 
responding alloys used in the tests at 1,000° F. (538° C.). Ingots 
1} inches in diameter and 6 inches long were cast in chill molds and 
were quartered longitudinally after heat-treatment (table 1). Speci- 
mens of 0.250 inch diameter were machined from the quarters. 
Four of the other materials (DH, OS, CA, and MS, table 1) were 
secured originally for use in ‘‘ short-time ”’ tensile tests at elevated 
temperatures. They represent the ‘‘as cast’’ materals. In addition 
to the cast alloys, one wrought material, representing a widely used 
commercial nickel-chromium heat-resistant alloy (76-20, table 1) 
was tested. 


TABLE 1.—Composition and heat treatment of nickel-chromium-tron alloys tested for 
creep at 1,600° F. 





Alloy Form of ma- Heat treatment of alloys 
Ni terial 


desig- 


nation before the creep tests 








Per- 
cent 
11,36 | 14-inch round | 1,650° F., 1 hour, furnace 
cooled. 
1 2.36 1,800° F., 2 hours, air cooled. 
. 82 1,900° F., 3 hours, air cooled. 
24. 00 2,000° F., 3 hours, air cooled. 
133. 00 1,900° F., 3 hours, air cooled. 


150. 62 on 
72. 80 0. 
31. 20 a bn 1 hour, furnace 


cooled. 
76. 00 ae round | Mill annealed. 
rod. 


58.45 | 14-inch round | As cast. 
. 95 . = 19.18 | 40.42 d Do. 


i. , 16.70 | 74. 62 Do. 
-52] . . 15. 62 | 25.18 Do. 
































1 Manufacturer’s analysis; all others were made at the Bureau of Standards by H. A. Bright and H. M. 


Fowler. 
2 Secured originally from various sources for use in ‘‘ short-time ” tensile tests at elevated temperatures. 
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The compositions and heat-treatments of the alloys used in the 
tests at 1,000° F. are given in table 2. 


TABLE 2.—Composition and heat treatment of nickel-chromium-iron alloys tested for 
creep at 1,000° F.1 





Heat treatment of alloys before 
Form of material the creep tests 








Percent 

0.75 1% - inch octag- | 1,650° F., 44 hour, air cooled. 

onal cast: 8 
do 1,500° F., 4% hour, air cooled. 
1,650° F., 44 hour, air cooled. 

1,450° F., 1 hour, furnace cooled. 

1,650° F., 2 hours, furnace cooled. 
1,800° F., 2 hours, air cooled. 
1 F., 3 hours, air cooled. 

0 


Do. 


Do. 
8 ; i F a 5 2,000° F., 1 hour, air cooled. 
aa ll . 59 . 87 27.2 35. 1,900° F., 3 hours, air cooled. 
i Cee nickel shot remelted 1,500° F., 44 hour, air cooled. 
n ingots. 


SESSRSSRERS2 8 














ee eee 














1 See footnote 1 (text), p. 851. 


III. METHODS OF STUDY 


1. CREEP TESTS 


The method for determining creep was the same as previously 
described.? The specimen had a diameter of 0.250 inch and a gage 


length of 2 inches and was loaded as indicated in figure 1. The gage 
length was defined by means of fine platinum wires in grooves on the 
edge of the shoulder at each end of the reduced section. Elongation 
was measured by means of a traveling micrometer microscope. 

At the middle of the gage length, the temperature at the surface of 
the specimen exceeded the temperature at the center of the specimen 
by 2° F. at 1,600° F. This was determined by two thermocouples. A 


platinum platinum-rhodium thermocouple of 0.008 inch diameter wire 
covered with porcelain insulation was inserted in a very small hole 
extending radially to the center of a calibration specimen. Another 
thermocouple of 0.025 inch diameter chromel-alumel wire fastened to 
the surface of this specimen at the middle of the gage length indicated 
a temperature 2° F. higher than the one embedded in the metal. 
Further temperature measurements on the surface of the calibration 
specimen at the shoulder just outside of the reduced section indicated 
that the maximum temperature decrease along the surface of the 
specimen was 9° F. (5° C.). Thus, with surface temperature of 
1,600° F. (870° C.) at the center of the gage length the temperature 
of the surface at each shoulder was 9° F. (5° Ghsddoen 

The creep tests made were of 500 to 700 hours’ duration. The total 
creep during these periods was sufficient to permit the detection of 
rates of creep of the order of 10~ inch per inch per hour. 





? Wm. Kahlbaum and Louis Jordan, Creep at Elevated Tem tures in Chromium-Vanadium Steels 
Containing Tungsten or Molybdenum, B.S. Jour. Research, vol. 9 (RP481), p. 441, September 1932. 





854 Bureau of Standards Journal of Research [ Vol. 10 
2. MICROSTRUCTURAL EXAMINATION 


A metallographic study was made of specimens representative of 
the materials before and after the creep tests. In addition to the 
determination of the structural changes occurring as result of creep, 
an attempt was made for the purpose of ascertaining whether or not 
the rate of structural changes in these alloys might be accelerated by 
stress, and to distinguish between the effect on structure of elevated 
temperature alone and of elevated temperature and stress combined. 

Townsend has observed that, in the case of lead sheath, the precipi- 
tation and coalescence of antimony from solid solution are accelerated 












































Ficure 1.—Diagram of vertical test unit for creep tests at elevated temperatures. 


A, traveling micrometer microscope; B, illuminator; C, thermocouple which actuates automatic con- 
troller; D, Ca my temperature recording thermocouple; EZ, asbestos packing to minimize convection 
currents within the furnace. 


by strain. Some authorities believe a similar condition exists in 
duralumin. A precipitation of CuAl, along the slip planes has been 
observed in portions of duralumin propellers which have been 
subjected to high stresses. 

The metallographic specimens representative of the structural 
condition after creep were cut from the reduced sections of the test 
bars which had undergone creep at several loads and for different 
periods of time. Comparison specimens of the same alloys, protected 
from oxidation by being packed in sand and charcoal, were heated in 
an automatically controlled electric muffle furnace at 1,600° F. (870° 
C.) for periods varying from 100 to 1,000 hours. Two specimens of 
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each alloy were removed after each successive 100-hour heating period 
up to 1,000 hours. One specimen was quenched in iced brine; the 
© of Mother was transferred to another furnace at the same temperature (1,600° 
the § F.) and allowed to cool slowly in the furnace. The treatment selected 
eep, was intended to retain the structure existing at the high temperature 
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" | in the first case and in the other to produce a structure more nearly 
representative of that resulting in service from slow cooling. 


: IV. RESULTS 
d 1. RATES OF CREEP 
° The time-elongation curves for the alloys tested at 1,600° F. and 


f —| at the various loads are shown in figures 2 and 3 and the average 
rates of creep in figure 4. 
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Data are not given for the creep of the alloy containing 13 percent 
chromium and 1.4 percent nickel (no. 72) nor for the one containing 
31 percent nickel and 3 percent chromium (no. 79). Neither alloy 
had sufficient resistance to oxidation at 1,600° F. (870° C.) to permit 
the carrying out of the creep tests. After several hundred hours at 
1,600° F. (870° C.) the entire cross section of the 0.250-inch test bars 
was almost completely converted to oxides. 
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Ficure 3.—Time-elongation curves of oe alloys tested at 1,600° 
870° C.). 


The number over each curve indicates the stress in lb./in.? at which the creep test was made. The arrows 
terminating some of the curves indicate the direction of the next point which was not included in the chart. 


The remaining alloys showed excellent resistance to oxidation at 
1,600° F. (870° C.). The oxide was confined to a slight discoloration 
of the surface in most cases.: Alloys of the 25 percent nickel-15 per- 
cent chromium type (75 and MS, table 1) were practically without 
vee oxide discoloration on the surface at the end of 700 hours. 

igure 5 shows the rates of creep of the nickel-chromium alloys 
tested at 1,000° F. in the earlier work. 





i, ) Heat Reissting Nickel-Chromium-Iron Alloys 857 
2. MICROSTRUCTURAL CHANGES 


The conclusions concerning the factors which influence the struc- 
tural changes during creep at elevated temperatures were based upon 
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FiaurE 4.—Average rates of creep in “second stage’’ of nickel-chromium-iron alloys 
tested at 1,600° F. (870° C.). 
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Figure 5.—Average rates of creep in ‘‘second stage’’ of nickel-chromium-iron alloys 
tested at 1,000° F. (538° C.). 


the observations made on alloys 72 to 78 (table 1). Representative 
micrographs are shown (figs. 6, 7, and 8). 

The specimens heated at 1,600° F. without stress showed very 
similar structural features in nearly all cases regardless of whether 
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they had been cooled slowly from the annealing temperature or had 
been quenched in iced brine. 

The etching reagents used for alloys 72 to 78 differed somewhat 
with the different compositions of the alloys. Two reagents were 
used satisfactorily on ee 72. The first reagent contained 2 parts 
glycerine, 2 parts hydrochloric acid, and 1 part nitric acid. The 
second reagent was aqua regia which had been prepared at least 20 hours 
prior to application. Both revealed the same structural characteris- 
tics. Alloys 73 and 74, having higher chromium contents and no 
appreciable amount of nickel, were etched with difficulty. A hot 50 
percent aqueous solution of hydrochloric acid gave the most satis- 
factory results. The structures of alloys 75 to 78 were brought out 
with solutions similar to those used for alloy 72, the aged aqua regia 
solution being less satisfactory, however, than the other. As the 
nickel was increased, the alloys were less difficult to etch even in the 
presence of relatively large amounts of chromium. 

All of the solutions used revealed the general structural character- 
istics. Murakami’s reagent which consists of 10 g potassium ferri- 
cyanide, 10 g sodium hydroxide, and 100 ml water was used in an 
effort to reveal the carbides, but only a part of the precipitated 
material could be shown by this solution. Considerably fewer pre- 
cipitated particles were observed in a specimen which was repolished 
and etched with Murakami’s reagent, after it had been etched with 
either one of the other reagents to show general structural features. 


V. DISCUSSION 


1. CREEP 


The time-elongation curves (figs. 2 and 3) show a distinct difference 
between the low-nickel and the high-nickel cast nickel-chromium-iron 
alloys at 1,600° F., namely, a difference in the abruptness of the 
transition from the so-called ‘‘second stage” of creep to the ‘third 
stage” as the stresses are increased with constant temperature. In 
the low-nickel cast alloys, 73 and 74, the transition was rather gradual. 
The slope of time-elongation curves changed progressively from the 
rather gentle one characteristic of ‘“‘second stage” creep to the steep 
slope characteristics of the third or final stage of creep which precedes 
fracture of the specimen. The other cast alloys, which contain nickel 
in proportions from 25 to 75 percent, dawed- a very abrupt change 
from the second to third stage. A similar difference is apparent in 
comparing the wrought alloy (76-20) with two cast alloys of similar 
composition (78 and CA). The wrought alloy showed the gradual 
transition, whereas both the cast alloys showed an abrupt change in 
the rate of creep as the stress was increased on different specimens. 

It is also noteworthy that the rate of creep, in the tests at 1,600° 
F’. in which the stresses were sufficient to produce creep, was more or 
less uniform from the start of the test. Ordinarily a relatively rapid 
rate of creep takes place in the first few hours of test which is gen- 
erally designated as the ‘“‘first stage” or ‘‘initial creep.’”’ The rate 
gradually decreases as the test proceeds. This stage, “‘secondary 
creep’’, is intermediate between the initial rapid elongation imme- 
diately following the application of the load and the rapid rate of 
creep immediately preceding fracture. 
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URE 6.—Structure of nickel-chromium-tron alloys relatively low in nickel and 
high in chromium. 
as 
; \Hoy 73: A, original condition; B, annealed at 1,600° F. for 1,000 hours: and C, broken in creep test after 
314 hours at 1,600° F. and 1,500 Ibs./in.2 
Alloy 74: D, original condition; E, annealed at 1,600° F. for 1,000 hours; and F, tested in creep for 348 
hours at 1,600° F. and 1,000 Ibs./in.2 é 
Etchant, hot 50 percent aqueous solution of hydrochloric acid. Magnification, 500 x 
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Structure of nickel-chromium-tron alloys containing 
equal amounts of nickel and chromium. 


Alloy 75: A, original condition; B, annealed at 1,600° F. for 1,000 hours; : 


hours at 1,600° F. and 2,500 Ibs./in.? 

Alloy 76: D, original condition; , annealed at 1,600° F. for 1,000 hours; : 
hours at 1,600° F. and 5,000 Ibs./in.? 

Etchant, aqua regia (see text Magnification, 500 
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Alloy 77: A, origina! condition; B, annealed at 1,600° F. for 1,000 hours; and C, tested in creep for 689 
ours at 1,600° F. and 4,000 Ibs./in.? 
( Alloy 78: D, original condition; F, annealed at 1,600° F. for 1,000 hours: and F, tested in creep for 689 
hours at 1,600° F. and 4,000 Ibs./in.? 
Etchant, aqua regia (see text). Magnification, 500 X. 
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These three stages of creep were not so pronounced at 1,600° F 
(870° C.) as at the lower temperatures. If the applied load was 
sufficient to produce appreciable elongation at the beginning of the 
test, the rate in most cases continued fairly constant throughout the 
duration of the test. The very low loads which produced no measur- 
able elongation in 700 hours showed practically no initial deformation 
upon application of the load. 

The difference in the resistance to creep (which was of the order 
of 0.1 percent in 1,000 hours at 1,600° F.) of alloys of different chem- 
ical composition is shown in figure 9.2 The ternary alloys containing 
approximately equal proportions by weight of nickel and chromium 
and not more than 30 to 40 percent iron showed the highest resistance 
to creep. In the binary iron-chromium alloys the resistance to creep 
was found to increase as the chromium content is increased from 
about 20 to 60 percent. An addition of nickel up to 30 percent 
increased the resistance to creep of iron-chromium alloys containing 
between 15 and 40 percent chromium. An increase above 30 percent 
might, however, have little effect on the resistance to creep of 
iron-nickel-chromium alloys containing between 10 and 25 percent 
chromium. 

Alloys having a composition which places them in the vicinity of 
the ‘‘pure iron corner” of the ternary diagram and for some distance 
from pure iron on the iron-nickel side of the diagram (alloys 72 and 
79) do not resist oxidation and scaling in air at 1,600° F. as well as 
do the other alloys studied. 

These experimental results are in accord with the prediction by 
Dean‘ that ““* * * alloys in the vicinity of aaa percentages 


of iron, nickel, and chromium and those in the iron-chromium series 
between 20 and 40 percent chromium with varying amounts of 
nickel * * * will furnish the ony of the future, where condi- 


tions of economy, excellent mechanical and physical properties, and 
extreme resistance to high temperature oxidation must be fulfilled.” 
This prediction was not based on the results of creep tests, but was 
made as a result of determinations of hardness, thermal expansion, 
electrical resistivity, and resistance to oxidation. Dean also stated 
that alloys to the right of a line (dotted line, fig. 9) drawn from 100 
percent nickel to 20 percent chromium in the iron-chromium series 
are resistant to oxidation at 1,830° F. (1,000° C.). In the present 
work both cast and wrought alloys of the 75 nickel-20 chromium type 
were tested. The resistance to creep of the cast alloys (CA and 78, 
ie. 4) 7 > considerably greater than that of the wrought alloy 
76-20, fig. 4). 

In the previous investigation § of alloys it was found that alloys 
containing little or no iron, 50 to 80 percent nickel, and 20 to 50 per- 
cent chromium exhibited the greatest resistance to creep at 1,000° F. 
(538° C.). The greatest resistance to creep was obtained in castings 
containing about 50 percent each of nickel and chromium. Such an 
alloy might be expected to offer difficulties in the foundry and has the 
serious disadvantage of being extremely brittle. A summary of the 
results of the earlier work is given in figure 10, which shows the 





‘In order to make figure 9 more complete and accurate in the “‘ pure nickel corner” and on the nickel- 
chromium side a very limited number of creep tests were made at 1,600° F. on nickel (alloy 1024, table 2) 
and on an alloy containing —€ equal parts of nickel and chromium (alloy 1008, table 2). Test 
specimens of these two materials were taken from material used in the investigation at 1,000° F. 

‘An ag ee of some of the physical properties of the iron-nickel-chromium system, Walter A. Dean. 
— a Fee mem, ngineering and Science Series No. 26, June 1930, pp. 31-55. 

note 1, p. 851. 





fats 
* 


3 


cae: 


FIGURE 9.—<Stresses in lb./in.? required to produce 0.1 percent creep in 1,000 hours 
at 1,600° F. (870° C.) in the nickel-chromium-iron ternary system 


Compositions of the alloys tested are indicated. 
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Figure 10.—Stresses in lb./in.2 required to produce 0.1 percent creep in 1,000 hours 
at 1,000° F. (588° C.) in the nickel-c hromium-tron ternary system 


Compositions of the alloys tested are indicated. 
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approximate stresses producing creep of the order of 0.1 percent in 
1,000 hours at 1,000° F. (538° C.). 

The compositions of the alloys possessing the greatest load-carrying 
ability at 1,000° F. are not identical with the corresponding alloys 
at 1,600° F. (870° C.). The changes are most clearly demonstrated 
by comparing figures 9 and 10. At 1,600° F. (870° C.) the strongest 
alloys were those containing approximately equal parts of nickel and 
chromium, and not more than 30 to 40 percent iron. Neither chro- 
mium nor nickel alone appeared to contribute to its alloys with iron 
superior resistance to creep. 

The stresses which at 1,600° F. fail to produce creep exceeding 
10-* inch per inch per hour in 700 hours range from about 2,500 
lb./in.? for the alloy containing equal parts of nickel, chromium, and 
iron to about 400 lb./in.? for the 28 percent chromium alloy. This 
gives some indication of the extremely low loads at which creep takes 
place at 1,600° F. (870° C.) for the group of materials investigated. 

All of the alloys of the present study that broke during creep tests 
failed with very little elongation, 7 percent or less, and practically 


no reduction of area. 
2. STRUCTURE 


The structural changes resulting from heating were not pronounced 
in either the unstressed or stressed specimens of the cast nickel- 
' chromium-iron alloys. 

An increase in the chromium content of the binary iron-chromium 
alloys causes an increase in the stability of the structural constituents. 
This stability is at a maximum in alloy 74 (fig. 6, (d), (e), and (f)). 


No marked difference in the amount or location of the carbide con- 
stituent could be seen in the structures of the original, annealed, or 
stressed specimens. 

Prolonged heating in the absence of stress did not produce any 
marked changes in the structure of the ternary alloys of intermediate 
and high chromium-content (fig. 7, (a), (0), (d), and (e)). 

The ternary alloys having an intermediate chromium content and 
50 to 75 percent nickel showed slight structural changes after being 
subjected to a prolonged annealing (fig. 8, (a), (6), (d), and (e)). As 
the nickel content is increased the structural stability is decreased 
and the carbide particles are agglomerated to a greater extent. 

The effect of stress at 1,600° FF has, generally speaking, a tendency 
to accelerate the rate of structural changes in the entire group of 
alloys studied. This effect is perhaps most readily illustrated in 
figure 6, (b), and (c). The stressed specimen, C, was loaded so that 
fracture occurred after 314 hours. The structure shows very coarse 
agglomerated carbide particles. The structure of the specimen, B, 
annealed at the same temperature for 1,000 hours resembles very 
closely that of the stressed specimen. The structure of specimens 
annealed at 1,600° F. for different periods up to 700 hours did not 
possess the degree of agglomeration which is observed in the stressed 
specimen or the specimen annealed for 1,000 hours. The application 
of stress apparently had accelerated the structural change in this 
alloy to a very marked extent. Approximately one third of the time 
at the same temperature was needed to produce a similar structure 
in the stressed specimen as in the unstressed specimen. The accel- 
erating effect of stress was noticeable in all the alloys except alloy 74. 
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The rate of diffusion and ee a increased in all the alloys 
studied, excepting alloy 74, to such a degree that the stressed speci. 
mens more closely approached an eq iibrium condition than the 
unstressed specimens which had been annealed for several hundred 
hours longer than the duration of the creep test. 


VI. SUMMARY 


The creep characteristics at 1,600° F. (870° C.) of 15 different 
alloys, covering a range of chemical composition from 1 to 75 percent 
nickel and from 3 to 55 percent chromium, were determined. The 
results of these determinations are compared with those of a previous 
investigation at 1,000° F. (538° C.) on similar alloys. 

In the previous investigation it was found that those alloys con- 
taining little or no iron, 50 to 80 percent nickel, and 20 to 50 percent 
chromium exhibited the greatest resistance to creep. At 1,600° F. 
(870° C.) the strongest alloys are those containing approximately 
equal parts of nickel and chromium and not more than 30 to 40 
percent iron. 

A metallographic study was made to determine what structural 
changes took place during creep. The attempt was made to dis- 
tinguish between the effect on structure of elevated temperature alone 

of elevated temperature and stress combined. A comparison 
was made between the structure in specimens used in the creep test 
and that in unstressed specimens of the same alloys annealed at 
1,600° F. (870° C.) for periods ranging from 100 to 1,000 hours or 
quenched in iced brine from that temperature. In nearly all cases 
materials quenched in iced brine after heating were similar in struc- 
ture to the annealed materials which indicates the extreme lack of 
susceptibility of alloys of this type to heat treatment. 

An increase in the chromium content of both the binary alloys of 
iron and chromium and the ternary oe results in an increase in the 
carbide precipitation and a greater agglomeration at the grain bound- 
aries. The changes in structure which occurred after prolonged 
annealing were noticeable in the binary alloys containing up to 30 
percent chromium and in the ternary alloys with large amounts of 
nickel. 

The combination of prolonged heating and stressing caused struc- 
tural changes in all the alloys with the exception of alloy 74. There is 
a distinct indication that the effect of stress had accelerated the rate 
of diffusion and agglomeration of the carbides. The structures in the 
stressed specimens indicate that these specimens approached an equi- 
librium condition at a rate sometimes three times as great as that in 
the corresponding specimens annealed at the same temperature. 


Wasuineton, April 18, 1933. 
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